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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to provide
a mechanism for publishing symposia quickly in book form. The pur-
pose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored
by other organizations when the topic is of keen interest to the chem-
istry audience.

Before agreeing to publish a book, the proposed table of contents
is reviewed for appropriate and comprehensive coverage and for in-
terest to the audience. Some papers may be excluded in order to better
focus the book; others may be added to provide comprehensiveness.
When appropriate, overview or introductory chapters are added.
Drafts of chapters are peer-reviewed prior to final acceptance or re-
Jjection, and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review pa-
pers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS BOOKS DEPARTMENT
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Dedication

Joseph L. McCarthy
1997 Anselme Payne Award Recipient

Joseph McCarthy has made significant contributions on a wide range of topics
dealing with the chemistry and processing of wood, with an emphasis on by-product
utilization. Ever since his dissertation, “The Mechanism of Chlorination of Lignin”,
was patented and immediately put into commercial practice (at a Howard Smith Paper-
mill near Montreal) as the basis for bleaching of kraft pulp, Joe’s research contribu-
tions have met the requirements of practical relevance while providing excellent
science. For example, during Joe’s first days at the University of Washington, the
Puget Sound Pulp and Timber Plant sulfite mill in Bellingham, Washington, came into
conflict with effluent discharge regulations. McCarthy’s research on both ethanol
production from spent liquor and lignin sulfonates quickly became the basis for the
Bellingham plant’s (now owned by Georgia-Pacific) commercial leadership in the
lignin-sulfonate markets. A “Pulp Mills Research” (PMR) program was started at the
University of Washington with support from industry in response to the concerns of
fishermen and oyster growers in the Puget Sound with the discharge of spent sulfite
liquor from pulp mills. During a 13 year period, 1944-1957, this PMR program be-
came the cornerstone of McCarthy’s initial contribution to the science and engineering
of chemical wood processes by focusing on kraft mill odor reduction and spent sulfite
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liquor utilization. Today, sulfite mills in the Pacific Northwest no longer discharge
spent sulfite liquor. Other research on the industrial practice of pulp and papermaking
has dealt with different areas including the thermodynamics of sulfur dioxide solutions,
the composition and analysis of spent sulfite liquors, the recovery of heat and chem-
icals from spent pulping liquors, the thermodynamics of combustion of various spent
sulfite liquor bases, sugar fermentation to ethanol, the structure and reaction of lignin
sulfonates, the purification of kraft mill effluents by steam stripping, and the recovery
of by-products of spent kraft black liquors by ultrafiltration.

Nearly 50 graduate students have graduated from McCarthy’s laboratory and
more than 25 postdoctoral research associates have been guided by him into fruitful
careers. His work has been a living example of the pleasures of excelling at one’s
actions and his motto—*“Don’t do it unless it’s fun”—serves as an inspiration for all
scientists.
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Preface

Lignin, the second most abundant organic substance on earth, is one of the three
structural polymers present in all woody plants. Lignin influences our world in
many different ways. If it had not been for lignin, plants would never have
moved from the aquatic to the terrestrial environment during evolution. It is
lignin that “stiffens* the plant stem to withstand the forces of gravity and wind.
Lignin seals the water conducting system against the hydraulic pressure drop
produced by the transport of water from the soil to the leaves and needles.
Although lignin provides plants with a protective barrier against the attack by
microorganisms,. it itself plays an important role as it is being recycled in the
natural ecology: It serves the soil as a complexing agent for minerals and as a
moisture-retention aid.

The chemical pulping of wood, one of the ten largest industrial activities in
North America, involves the removal of lignin from wood. Commensurate with
the size of the paper industry has been the scientific effort to understand the
modification, depolymerization, and solubilization of lignin in wood. Utilization
of this by- (or co-) product of the pulp and papermaking process has resulted in
lignin being utilized in many diverse products ranging from road dust binder to a
polymer component in printed circuit boards. More than one million tons of
lignin are now being sold annually worldwide, thus making this by-product an
industrial commodity.

Despite this important role of lignin, however, many uncertainties remain in
our understanding of lignin’s structure, process of formation, analytical recog-
nition, and behavior in wood, pulp, and human-made materials. These uncer-
tainties continue to be addressed with new scientific methodologies and shifting
environmental and ecological concerns. This new research, which combines
modern and traditional structural analysis techniques and which makes use of
novel experimental protocols emerging from the fields of biotechnology and
materials science, are beginning to provide exciting possibilities for recognizing
the “true” structure of lignin, and of its behaviors during pulp and paper produc-
tion and as a contributing constituent of non-woody materials. Much recent
research has focused on opportunities for genetically manipulating wood for-
mation in such a manner that lignin becomes easier to remove in environ-
mentally-benign pulping operations. The use of lignin as a low-cost material
continues to energize research into developing new lignin-based products. The
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multifaceted task of understanding lignin’s formation, structure, and its reactions
and behaviors during pulping, bleaching, and modification continues to attract
the attention of scientists in all disciplines. Because these scientists have diverse
scientific, engineering, and business interests, this research creates opportunities
for broad discussions on many diverse issues dealing with lignin.

This book was developed from a symposium by the American Chemical
Society’s Cellulose, Paper, and Textile Division honoring the 1997 Anselme
Payen award recipient, Joseph L. McCarthy, held at the 215" National ACS
Spring meeting in Dallas, Texas. The Symposium provided a forum for organ-
izing an integrated discussion of our current knowledge on lignin, and on its
historical roots. It brought together international scientists from academia,
government, and industry to discuss new insights and commercial developments
on lignin. This book is divided into five sections: History and Structure,
Biochemistry, Analysis, Modification and Utilization, and Pulping and Bleach-
ing. Each section has at least one overview chapter, a comprehensive review
written by one or several recognized experts that is followed by chapters dealing
with current research findings.

The first section, History and Structure, provides an.authoritative per-
spective on more than 50 years of scientific and engineering endeavors dealing
with lignin structure, response to pulping and bleaching, and modification and
utilization. The chapters dealing with biochemistry display the current under-
standing of biochemical pathways leading to precursor formation and the en-
zymes involved in the production of a cell-binding polymer of considerable
nonuniformity. The chapters summarizing analytical advances address both
chemical and molecular identities. The section on modification and utilization
defines current practice and reviews recent advances in polymeric structure
modification and utilization. The wide field of lignin reactions during pulping
and bleaching are highlighted in the final part.

It is the hope of the editors that this book will provide practicing scientists
with new ideas for studying or utilizing lignin, and also to furnish graduate
students with a resource by which they can explore this yet under-understood
biopolymer.
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Chapter 1

Lignin Chemistry, Technology, and Utilization:
A Brief History

Joseph L. McCarthy and Aminul Islam

Department of Chemical Engineering and College of Forest Resources,
University of Washington, Seattle, WA 98195

In 1838, Anselme Payen discovered that treatment of wood with nitric
acid and then an alkaline solution yielded a major insoluble residue
that he called "cellulose," and dissolved incrustants which Schulze
later designated "lignin." Following Payen's initial experiments were
findings on how to selectively solubilize lignins with either sulfurous
acid or alkaline solutions to yield useful cellulose fibers. Klason,
Freudenberg, Nimz, Adler, Hibbert, Kratzl, Tischenko, Nakano and
others conducted pioneering classical organic chemistry research that
revealed much fundamental knowledge about the chemical structure
of lignins. The emergence of polymer concepts provided an additional
framework that advanced understanding of the physical behavior and
chemical nature of lignins. Although much is known about the
biosynthesis of lignin, new information is still emerging. Lignins in
wood are now known to consist of a family of phenyl propane type
polymers in a variety of structural units in combination with
carbohydrates. Lignins are widely used as fuels in paper making
processes and are sold commercially in expanding markets.

Anselme Payen (/, 2), a wealthy chemical manufacturer in France, first identified
“cellulose” and le materiel incrustant or “lignin” in 1838 as separate components of
wood “se compose de deux parties chimiquement tres distinguees.” This discovery
was made about half a century after the French Revolution (1789). Since that time
many thousands of scientific papers, patents, and hundreds of books, have been
published concerning these two most important natural polymers. To date, about
10,000-12,000 scientific papers have been published (estimate by authors) relating to
lignins alone. Of these, over six hundred are incorporated in this compilation and
some will be briefly discussed. The impossible task of selecting the “most
important” papers and books has been avoided by choosing works that serve only as
examples of lignin research, technological applications and utilization activities.

2 © 2000 American Chemical Society
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The history of contributions to the lignin field is presented in seven arbitrary
time periods and each of these is divided into three main categories, Chemistry,
Technology and Books. Contributions are not presented in rigorous chronological
order, but are arranged to provide easy reading. To facilitate the use of this history,
Appendix 1 presents all cited contributions chronologically although the main text of
this paper contains only part of the entries in Appendix 1. In Appendix 2, a list is
presented of many of the important research facilities that have made contributions to
the understanding of lignin chemistry. The authors deeply regret, and apologize to
investigators at centers not reported. Examples of proposed lignin structures are
included in Figures 1-9. Table I includes information on the frequency of linkages in
these structures. Examples of these linkages are presented in Figure 10.

To assist the inexpert reader, certain currently accepted characteristics of
lignins are as follows. The term lignin refers to a family of heterogeneous
biopolymers that contain limited branching and/or cross-linking. Lignin is
assembled from coniferyl alcohol type monomers by enzymatic polymerization
providing three-dimensional molecular architecture. It is amorphous, optically
inactive and comprises usually about 20-40% of the mass of plant tissues in higher
plants. Lignin functions in several ways. As a composite with cellulose fibers, it
provides strength to the stem and the bole of higher plants and thus permits
photosynthesis far above ground level. As a matrix of phenolic and aliphatic
substances, it protects carbohydrates from attack by microorganisms and insects. It
participates in a network of processes by which the organism conserves, recovers and
reuses highly significant atoms and small molecules essential for cambial and
cytoplasm functioning. For man, it is highly useful as a structural material, as a
component of wood that must be removed to make paper, and as a potential phenolic
raw material of increased importance as available oil and fuel resources are depleted.
About 50 million tons of chemically separated lignins are produced annually
throughout the world, of which about 1% is currently sold.

The two main motivations for lignin product research have always been the
vast availability of this chemical around the world and that it is an inevitable by-
product of the chemical manufacturing processes for cellulose and of pulp.

Life of Anselme Payen. Anselme Payen (/,2) was born in January 1795 to Marc
and Jean Baptiste Piere Payen, a distinguished scholar in science and law as well as
an owner of chemical factories. Young Payen studied chemistry, physics, and
mathematics in the Polytechnique in Paris. After his father's death, Payen, at the age
of 25, took over full responsibility for the chemical factories. In 1835, he left active
participation in industry and became Professor of Industrial and Agricultural
Chemistry at the Ecole Centrale des Arts et Manufactures. Four years later, he
accepted the additional post of Professor of Applied Chemistry at the Conservatoires
des Arts. Both posts he held until his death in 1871. He published over 200 papers
in major French scientific journals and ten books on subjects ranging from dextrans,
sugars, lignin, cellulose, and starch, to plant and animal biology. In 1838, he
published his paper (I) describing cellulose and lignin isolation.

1838 - 1874
During this time, the existence of lignin was established. Nearly thirty years later the
first industrial process for chemical pulping of wood by dissolving lignin and
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producing useful cellulose fibers was patented. Research on lignin gave indications
of its aromatic nature.

Chemistry. Payen's 1838 experiments (I, 2) revealed that wood contained a
"cellulose” and an oxidizable incrustant which Schulze designated lignin in 1857 (8).
Payen used a concentrated nitric acid solution to oxidize wood and then washed the
residue with a dilute aqueous sodium hydroxide solution to dissolve lignin and other
components. Using von Liebig's method for carbon, hydrogen, and oxygen
determination, Payen was able to observe substantial differences between the wood
and lignin. He also treated wood with concentrated sulfuric acid and observed a
brown residue that is now known as Klason lignin. Possoz in 1858 (9) applied alkali
fusion to wood. Erdmann in 1866 showed that this process yielded protocatechuic
acid and pyrocatechol that he concluded originated from lignin.

Technology. The chemical production of cellulose fibers began 1600 years after the
discovery (4-6) of paper in 105 AD by Ts’ Ai Lun in China. During this time, plant
fibers were separated by mechanical means and then screened to make paper. This
process slowly spread around the world.

In 1866, the first successful process for the chemical production of cellulosic
fibers from wood was patented in the U.S. by Tilghman (/7). In this sulfite process,
a hot aqueous sulfurous acid solution was used to dissolve lignin. The process was
improved by using bisulfites of calcium or other bases to create a buffer system.
Ekman in 1874 in Sweden built and operated the first sulfite pulp mill (14) using this
technology.

In 1854, Watt and Burgess (7) proposed but did not commercialize a system
to delignify wood using a NaOH solution at elevated temperatures. Chemical
recovery was to be achieved by burning the spent liquor solids to obtain sodium
carbonate that would be causticized with CaO. In 1870, Eaton (I3) proposed the use
of sodium sulfate instead of carbonate for makeup although this system was also not
commercialized.

1875 - 1899

During this time, early studies on the nature of lignin and lignosulfonates were
undertaken. Coniferin was isolated from cambial sap. Klason suggested that lignin
was structurally related to coniferyl aldehyde based on elemental analysis. The
sulfite pulping process was in operation and the kraft process had been patented.

Chemistry. In 1875, Tiemann and Mendelsohn (15) isolated coniferin, a glycoside
of coniferyl alcohol, from the sap of the growing cambial layer. Their determination
of the structure of this compound gave early insight into the composition of lignin.
Wiesner in 1878 reported the classic color reaction of lignin with phloroglucinol
18).

At the Royal Institute of Technology in Stockholm (KTH), Peter Johan
Klason (Gellerstedt, KTH, personal communication, 1998) pioneered Swedish lignin
research. He taught at Lund from 1874 to 1887 as a Chemist and Docent (Assistant
Professor) and at KTH as a "Laborator" from 1887 to 1890 and as a Professor of
chemistry and chemical technology from 1890 to 1913. From 1915 to 1923 he
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HOOHg—O4=04-(70) ~ M

Figure 5. Proposed model structure of softwood lignin by Glasser. (Reprinted with permission
from ref. 399. Copyright 1974) Larger copies of Figure 5 can be found on the next two pages.
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Figure 6. Proposed model structure of Spruce lignin by Brunow. (Reprinted with
permission from ref. 687. Copyright 1998)
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Figure 7. Proposed model structure of Spruce lignin by Forss. (Reprinted with

permission from ref. 658. Copyright 1981)
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worked as a Teacher at the Forestry University in Stockholm. At the University of
Lund, Klason studied organic sulfur compounds, thioglycolic acid, mercaptans, and
others. At KTH, he started to work more in wood chemistry related research
particularly the chemistry involved in kraft and sulfite pulping. He also made
contributions in the fields of charcoal formation and lignin structure and chemistry
(27). He proposed in 1897 that lignin was related structurally to coniferyl alcohol
(28). For more than a century, research workers from KTH and the Swedish Forest
Products Laboratory (STFI), in Stockholm, have contributed importantly to the
knowledge of the structure and reactions of lignins.

Significant research was undertaken during this time period into the nature of
spent sulfite liquor (SSL) because of the industrial discharge of this material into
waterways. Lindsey and Tollens, in 1892, (25) proposed that sulfur was present in
SSL as sulfonate groups on lignosulfonate molecules. Lange in 1890 precipitated
lignosulfonates from alkaline solution (24). In 1898, Pollacsek (29) described the
air-ferric chloride oxidation of lignosulfonates.

Technology. In 1880, Cross and Bevan (/9) in England used aqueous chlorine and
then sodium hydroxide solutions to yield purified cellulose from wood. In 1884,
Dahl (21) in Danzig, Germany patented the use of a hot aqueous solution of sodium
hydroxide and sodium sulfide to produce pulp. This process known as kraft (German
word for strong) pulping is now the most important industrial process for
delignification of wood. The spent liquor (KBL) is evaporated, bumed and
causticized with CaO using inexpensive sodium sulfate as the make-up chemical.

1900 - 1924,

Research on lignin had become extensive. Klason reported the first C, H, O and
OCHj; analysis for lignin and proposed that it consisted of coniferyl alcohol type
units bound by ether linkages. Lignin had been isolated by several methods.
Degradation experiments by pyrolysis and alkali fusion yielded low molecular
weight compounds. Sulfite and kraft pulps were now produced in North America.
Industrial ethanol was produced by wood saccharification.

Chemistry. Many of the lignin chemistry studies in this time involved the
development of lignin isolation procedures and the characterization of isolated
lignins through various degradation reactions. These reactions typically produced
low molecular weight materials that provided some limited information on lignin
structure.

Klason in 1908, suggested that lignin had a macromolecular structure (33)
and by 1917 that it consisted of coniferyl alcohol type units bound together by ether
linkages. In 1908, he inaugurated the analytical determination of Klason lignin (33)
which is the insoluble residue remaining after treatment of woody tissues with 72%
sulfuric acid to dissolve carbohydrates. In 1920, he published the first elemental
composition of a lignin (Klason) as; C 66.67; H 5.49; O 27.84 and OCH3, 14.5%
respectively (34). For many years following Klason, methods were proposed for the
preparation of isolated lignins striving to obtain a lignin in a form unchanged from its
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structure in the plant tissue. These lignins were secured as either insoluble residues,
as in the case of Klason lignin, or as soluble materials such as with sulfite, kraft, and
alcohol lignins.

At the Technische Hochschule in Darmstadt, Germany, Heuser and
Skioldebrand (45) in 1919 pyrolyzed Willstatter or HCl-lignin and obtained acetone,
methanol, acetic acid, 13% tar, and 51% charcoal. Ungar (4]) similarly investigated
the properties of HCI lignin.

In 1921, Winsvold and Heurser (50) found that alkali fusion of lignin yielded
substantial amounts of oxalic acid. With Samuelson (5/) in 1922, Heurser found that
oxalic acid in a yield of 25% could be secured by the oxidation of lignin in an
alkaline solution after prehydrolysis and methylation. Reed (42) in 1917 also
reported substantial yields of oxalic acid by lignin oxidation. Shrader (49) reported
that the structure of lignin was modified such that it could be dissolved in alkaline
solution by treatment with oxygen. In 1924, experimentation by Heuser and
Hermann (57) with KOH fusion of lignin and lignosulfonates yielded pyrocatechol
and protocatechuic acid in yields as high as 28%. This information led to the
conclusion that lignin contained aromatic nuclei substituted at the 1-postion with
carbon and at the 3 and 4 positions with hydroxyl groups.

Proctor and Hirst (35) in 1909 precipitated lignosulfonates with certain
aromatic amines. Hagglund (43), at KTH in 1918, reported on the nitration of lignin.
With C. B. Bjorkman (56) in 1924, he found that heating of lignin in 12% HCIl
yielded volatile aldehydes. Grafe (30) in 1904, heated SSL in alkaline solution and
observed vanillin and acetaldehyde.

Technology. Wheelwright first produced sulfite pulp commercially in the United
States in 1882 in Rhode Island (20). In 1907, Brompton operated the first kraft pulp
mill in North America in Quebec (31). The first U. S. kraft paper was manufactured
in 1909. Chlorine was first used to bleach pulp in 1913 by Heuser and Sieber (40).

G.H. Tomlinson I, a distinguished chemical engineering pioneer in the field
of chemical processing of wood, designed and operated two ethanol plants that used
wood saccharification during World War 1.  After pilot studies, a plant using
sulfurous and then sulfuric acid was built at Georgetown, SC in collaboration with
Dr. Arthur D. Little under an arrangement with the DuPont Co. It produced up to
2000 gal of ethanol per day, yielding up to 20 gallons of ethanol per ton of dry
sawdust (39). In 1912, a second and much larger ethanol plant was designed and
constructed at Fullerton, LA. The plant was closed in 1914 due to financial
difficulties. This plant and the one at Georgetown together produced about
10,000,000 gallons of ethanol. Looking backwards, Tomlinson's overall conclusions
were that the two plants were not successful financially because of the erroneous
assumption that wood waste could be purchased "over an indefinite period at a
nominal cost" (44).

1925 - 1949:

Expanded research activity during this time has provided many important results.
Functional groups such as hydroxyls, benzyl alcohol and others were evaluated.
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Degradation reactions yielded products in substantial quantities affirming the
aromatic nature as well as the phenylpropane skeleton for lignin. Biosynthesis and
biodegradation studies on lignins have been initiated. “Synthetic” lignins have been
prepared from coniferyl alcohol by mushroom laccase or horseradish peroxidase
through dehydrogenative polymerization. The kraft pulping recovery furnace was
developed and widely adopted. Industrial plants were built to produce vanillin,
ethanol, yeast, and lignin preparations from spent sulfite liquor.

Chemistry

Much fundamental work was undertaken during this time directed towards
determining the structure of lignin. Many new techniques were developed to isolate
lignin formulations to study. Generally, three approaches were taken towards
investigating lignin structure: degradation reactions, biosynthetic work, and
spectroscopy studies. In the most common approach, lignin formulations were
subjected to various degradation reactions yielding identifiable products that gave
useful structural information. Many new analytical techniques were developed
during these times that were highly useful for the lignin chemists. In the final
approach, model compounds were synthesized from postulated lignin precursors to
produce new products for study.

Occurrence & Isolation. This was a time in which much work was applied to
developing new methods to isolate lignin. In 1936, Bailey (123) at the University of
Washington showed by microdissection that the middle lamella was composed
mainly (72%) of lignin rather than pectin. In 1935, Van Beckum and Ritter (121) at
the US Forest Products Laboratory (USFPL) removed lignin from plant tissue with
hypochlorite followed by NaOH. The material that remained termed holocellulose
consisted of the total carbohydrate mass present in the plant tissues.

In 1939, Brauns reported (/46,147) that neutral solvent extraction of woody
tissue and subsequent purification created a few percent of what he named native
lignin or Braun’s lignin. Presently, many investigators view this material as a
mixture of lower molecular weight lignins, and/or lignans. This work reflected the
continuing search by some classical organic chemists for a lignin that could be
extracted simply by use of solvents without chemical reaction.

In 1947, Richie and Purves (189) at McGill University oxidized wood at pH 4
with aqueous 5% sodium periodate. The periodate lignin preparation thus obtained
was 86-96% Klason lignin, insoluble in organic solvents even at boiling temperature,
but completely soluble under conditions of sulfite pulping. A periodate lignin from
spruce closely duplicated the behavior of spruce lignin in situ towards many
degradative procedures.

Biosynthesis. In 1933, Professor H. Erdtman (95-99) at KTH, made the very
important proposal based on phenol dimer model studies that lignin was formed in
plants by dehydrogenative polymerization of p-hydroxycinnamyl alcohols.
Nevertheless, Hilpert (111,112) believed that the precursors for carbohydrates and
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lignin were probably the same and that lignin was simply part of a carbohydrate
complex.

Karl Freudenberg of the University of Heidelberg, was a major figure in early
lignin biosynthesis studies. He was educated at the University of Berlin under the
tutelage of Nobel Prize winner Emil Fischer (Nimz, B.F.H., personal communication,
1998). Freudenberg (74) apparently set forth the first formulation of the structure of
cellulose in 1928. In 1933, Freudenberg (/00) published a book with a chapter on
lignin. Herein he suggested that lignin was a high polymer formed by
dehydrogenation of coniferyl alcohol type monomers as suggested by Erdtman. He
felt that lignin was a heteropolymer linked by ether and carbon-carbon bonds.
Furthermore he felt that there were three or four types of structural units as happens
with amino acid in proteins

Around the end of the 1940's coniferyl alcohol became easily available
through the reduction of ethyl ferulate by LiAlH,4 (271). Freudenberg and coworkers
carried out many experimental procedures to synthesize lignin in vitro using
coniferyl alcohol with mushroom laccase and horseradish peroxidase (227). The
result was a dehydrogenation polymer (DHP) and a series of lignols. From the
average molecular weight of a repeating unit in these synthetic lignins, it was
obvious that two hydrogens were lost from coniferyl alcohol during the
polymerization. This result seemed to confirm Erdtman's 1933 hypothesis. The
biochemistry of lignin formation was reviewed by Hibbert (166) in 1942.

Properties. The decades of 1940's and 1950's marked the introduction of much
improved instrumentation. Specifically, spectroscopic techniques such as UV, IR,
NMR, and MS as well as new molecular weight determination instruments such as
the ultracentrifuge greatly assisted the lignin chemist. Additionally, chemists
adopted multi stage separation equipment long used in chemical engineering. This
happened first with the Craig Machine at Rockfeller University, and then with
wonderfully powerful packed column chromatography apparatus and procedures.

The study of the physical and polymer chemistry of lignins was brought into
prominence beginning in the 1920's by investigators influenced by the teachings of
Mark, Flory, Staudinger, and others. In early theories, an association between lower
molecular weight molecules explained the properties of cellulose, lignin, and other
polymers. However, in the 1920’s Staudinger proposed that cellulose and other
polymers were chains held together by primary valence bonds (234).

Loughborough and Stamm (129,130) obtained early molecular weight
determinations on lignins in 1936 and by Gralen (162) in 1946 with values of about
M, equal to 3900 and 3500, respectively.

The first comprehensive compilation of IR spectra of lignins was reported by
Jones (193). Aulin-Erdtman in 1949 used UV spectra of lignins to demonstrate that
isolated lignins were indeed aromatic. Studies of UV absorption of isolated lignins
and lignin in woody tissue by Lange (175) in 1944 and by Aulin-Erdtman (206) in
1949, convinced most investigators that gymnosperm lignin was indeed a
condensation polymer of coniferyl aldehyde as proposed by Klason some fifty years
earlier.
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It was determined that the lignin polymer, in contrast to other biopolymers,
had no optical activity and no stereoregularity. This was presumed to be because the
lignin polymer is formed by the random combination of dehydrogenation radicals.

Structural Studies. During these years, most researchers felt that lignin included
aromatic nuclei. Beyond the presumed relationship with coniferyl alcohol and
Freudenberg's carbon-hydrogen analytical results, no direct evidence was available to
prove this. In 1939, Freudenberg (149) carried out the nitrobenzene oxidation of
softwood and obtained vanillin. In 1940, Freudenberg, Lautsch and Engler (152)
subjected spruce softwood lignin to alkaline nitrobenzene oxidation and obtained a
25% yield of vanillin and other aromatic fragments. Following this work, Creighton,
McCarthy and Hibbert (160) at McGill University reported that from hardwood
lignin, both vanillin and syringaldehyde were obtained in a total yield of about 43%.
These studies confirmed that lignin contained aromatic nuclei.

Schultz (156) in 1940 found that nitrobenzene oxidation of SSL gave about
20% vanillin yield. Lautsch, Plankenhor and Klink (155) in 1940 used metal oxide
catalysts for air oxidation with wood and SSL and obtained about 10% vanillin yield.
Pearl reported a careful study of the oxidation products of lignin using copper oxide
catalyst in 1942 (168).

In 1938, another very important finding was made in the hydrogenolysis
experiments of Harris and Adkins (145) at the University of Wisconsin, Madison and
the USFPL. They conducted high-pressure hydrogenation of methanol lignin in
dioxane solution with a Raney Ni catalyst to secure substantial yields of monomeric
substituted cyclohexyl products. In 1941, Cooke, McCarthy, and Hibbert (159)
found similar results with hardwood lignins. These findings pointed to the skeleton
of the lignin monomers as guaiacyl propane type, as anticipated from coniferyl
alcohol type monomers.

Freudenberg et al. (/25) in 1936, showed that potassium permanganate
oxidation of lignin yielded several aromatic acids affording significant structural
information. In 1938, Freudenberg, et al.. (/43) subjected the products of the
reaction mixture generated from high temperature alkaline extraction of spruce wood
to permanganate oxidation and then dimethy] sulfate methylation. They obtained a
mixture of aromatic products including isohemipenic and dehydrodiveratric acid.
These products indicated that it was possible that one of the linkages between the
monomeric building blocks in lignin was through the 5 position on the aromatic ring.
Pearl (208) in 1949 secured similar evidence from the products of metal oxide
oxidation of lignosulfonates.

In 1935, King, Hibbert and Brauns (/19) reported on organosolv lignins
formed through methanolysis and ethanolysis. The soluble products of these
reactions, Hibbert's ketones, were described in a series of papers with Cramer and
Hunter (148), West (171), McGregor and Evans (/76) and several others. These
ketones were phenylpropane type molecules obtained in about 10% yield when wood
was refluxed in acidic 3% methanol/ethanol solution. Dilution with water
precipitated methanol/ethanol lignin leaving the Hibbert's ketones in solution. As a
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result of the studies, Hibbert proposed in 1942 apparently for the first time that lignin
contained B-aryl ether type linkages.

In 1944, Hibbert and Gardner (174), as part of their studies on ethanolysis,
synthesized several phenyl propane type model substances and subjected them to
ethanolysis conditions. They found that acyloin side chain type ketols and
dihydroxyacetone type substances apparently underwent rearrangement to ketols and
diketones. They concluded from this that the entities present in lignin probably
carried aryl glycerol-B-aryl ether or similar type structures that rearranged during
ethanolysis to yield the observed ketols and diketones.

Pinoresinol, a B-p linked lignan, was first detected by Erdtman (124) in 1936
from spruce spent sulfite liquor. Isolation of this compound led to theories regarding
the presence of this of type linkage in lignin.

Freudenberg, Meister and Flickinger in 1937 (135) proposed the presence of
coumaran and related linkages in lignin. They sulfonated phenylcoumaran type
model compounds generating a new phenolic hydroxyl group for each sulfonic acid
group obtained. Erdtman suggested cleavage of cyclic ether linkages during the
sulfonation process (/70). Hagglund and Carlsson in 1933 (102) reported that
sulfonation of lignin also resulted in the addition of one phenolic hydroxyl for each
sulfonate group.

During the 1940's, Wacek and Kratzl (205) published a series of papers
addressing the structure of the propyl side-chains of lignin. Phenyl propane
structures with various ring and side-chain substituents were synthesized and
subjected to well-known lignin reactions including sulfonation and nitrobenzene
oxidation. They concluded from this work that lignin most likely contained side
chain of the aldol type

Formulations. In the last few years of the 1940's based mainly on the work of
Freudenberg and Adler, scientists began to set forth formulations for the structure of
lignins. Rydholm in Sweden developed a very useful diagram illustrating the
possible distribution of C¢C; units. The specific details of and the arguments
supporting these early proposals have been very ably compiled in a book by Pearl
(357) at the Institute of Paper Chemistry. However, even in 1948, a few investigators
such as Schutz and associates (196-198) still doubted the aromatic nature of lignin.

In other significant work, Urban showed in 1926 that lignin contained
hydroxyl groups that were methylated with dimethylsulfate (65). In 1927,
Freudenberg and Harder (66) reported that the reaction of lignin with 12% HCI
yielded HCHO. With Niemann and Belz (78) in 1929, Freudenberg found that HI
split off methoxyl groups from lignin. Shorygina et al. in 1948 found that metallic
Na in liquid NH; split lignin to yield 28% monomeric aromatic products (199-202).
Sohn and Lenel (209) showed that heating softwoods in water at 1500°C for 2 hrs
yielded a solution around pH 3-4, thus suggesting liberation of acetic acid and other
acids from the woody tissue. Holmberg (126,127) studied benzyl alcohol groups and
ether linkages in lignins at KTH in 1936.
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In 1925, Hagglund (59) at KTH proposed that lignosulfonates consisted of a
polydisperse system of sulfonated guaiacyl propane polymers. Holmberg (118) in
1935 suggested based on studies with model substances, that sulfonation of lignin
takes place through reactions of benzyl alcohols.

Biodegradation: Phillips summarized the early work on the biodegradation of
lignin, which began during the 1920’s (115). Much of this work focused on the
decomposition of lignin by white-rot fungi. In 1944, Waxman (180) reviewed the
biodegradation studies ongoing at USFPL.

Technology

Pulping and Bleaching. Around 1930 came the enormously important development
of the kraft recovery furnace by Tomlinson and Wilcoxson. Since the discovery of
kraft pulping by Dahl in 1884, kraft black liquor had been burned with air in a rotary
combustion furnace to yield carbonate which was then causticized with CaO. With
this new furnace, operations were continuous and recoveries were high which
dramatically improved mill economics. This development, along with the success of
the kraft process in using all species of woods, reversed the economic balance that
had previously favored the sulfite pulping process thus resulting in a tremendous
expansion in the use of kraft process.

In 1936, Tomlinson generated the idea that MgSSL might be burned in a
recovery furnace to yield MgO and SO, simplifying the recovery and recombination
of heat, MgO and SO,. This formed the basis for the Magnefite process (141). In
cooperation with Babcock & Wilcox in 1937 and 1938, a pilot plant was operated at
Comwall, Canada. In 1948, the Weyerhaeuser Company under the leadership of
Raymond Hatch, built a 300 ton/day pulp mill in Longview, WA

In 1941, Tomlinson, McCarthy, and Hibbert patented a process using first
stage molecular chlorine in the multistage bleaching of kraft pulp to achieve a high
degree of whiteness (165).

In 1946, McKee (185) described the delignification of wood and isolation of a
lignin preparation by hydrotropic solvents such as Na xylene sulfonate.

Non-Lignin Chemicals from Wood. In the USSR around the beginning of World
War II, many wood saccharification plants were built using the modified Scholler-
Tornesch (182) type process in which wood was subjected to dilute sulfuric acid
percolation. This resulted in the production of sugars and Klason type lignins. Much
process and utilization research was done on these wood hydrolysis lignins in
Leningrad, USSR, under the leadership of Sharkov (183).

During World War II, ethanol was in high demand leading to the construction
of several plants to ferment SSL sugars to alcohol. This also provided a low sugar
lignosulfonate product of higher quality. Two ethanol plants were built in Sweden
(capacity of around 400,000 gal/yr.) and several in Germany as described by Kilp
(207). In Canada, plants were built at Thorold, Ontario and Gatineau, Quebec as
described by Nord and Sankey in 1944 (178). A plant was built in Bellingham,
which produced about 9000 gal/day of 190 proof ethanol using Saccharomyces
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cerevisiae (187). Developments during this time period were summarized in 1954
(245).

Food and fodder yeast from SSL was produced in Germany during World
War II by the Waldhof-Standard process. In the United States, a plant was built in
Rhinelander, WI as described by Wiley (247) in 1954.

In 1937, Tomlinson and Hibbert (/42) described the construction of a plant by
the Howard Smith Paper Co. in Cornwall, Canada to produce vanillin from the
alkaline oxidation of lignosulfonates. Vanillin was produced at a rate of 800 Ib./day.
Operations were continued until about 1970 when the plant was closed because SSL
ceased to be available. Goheen reported that similar plants were built around 1936
by the Marathon Paper Co at Rothschild, WI using calcium lignosulfonates separated
by the Howard process, and by the Borregaard Company in Sarpsborg, Norway. In
1933, Reidel (/10) patented a process to synthesize vanillin from guaiacol and
assigned it to E. de Hoen. Many years later this type of synthesis of vanillin from
guaiacol made manufacture of vanillin from lignin unprofitable for most companies.

A laminated plastic product named Tomlinite that contained a lignin
adhesive, was developed in about 1944 at the Howard Smith Co by G. H. Tomlinson.
A slurry of precipitated lignin and pulp was screened to obtain a laminating paper,
which was subjected to heat and compression yielding a useful board (179).

Industrial Lignins. In 1936, the Marathon Corporation constructed in Rothschild,
WI, an industrial scale facility for the manufacture of lignosulfonate products
including leather tanning agents and dispersants.

In 1942, the West Virginia Pulp and Paper Company (Westvaco) in
Charleston, SC began semi-commercial production of lignin products from the kraft
pulping of softwoods or hardwoods. Early products included INDULIN A and C.
These products were applied in rubber, printing ink and ceramic industries.

Books. The 1925-1949 years marked the appearance of the first books on lignin:
Chemie der Ligninkorper by Kurschner (62); The Chemistry of Wood, by Hawley and
Wise (181), and The Chemistry of Wood and Cellulose, by Schorger (64). In 1947
came Hunter's informative book (4) on the History of Papermaking.

1950 - 1974:

This was a period of significant progress was made in the understanding of lignin
structure spurned on by the development of new analytical tools and procedures.
Investigators generally agreed that lignin is a high polymer constructed of coniferyl
alcohol type monomers by enzymatic dehydrogenative polymerization. Based on
quantification studies on linkages and functional groups, many lignin formulations
were proposed. Industrially, plants were constructed to produce lignin products,
ethanol, vanillin, dimethylsulfoxide, etc. The creation of the EPA in 1970 greatly
influenced the activities of the pulp and paper industry. In 1971 Sarkanen and
Ludwig (388) as editors, published their masterful treatise on lignins.

In Lignin: Historical, Biological, and Materials Perspectives; Glasser, W., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Downloaded by 89.163.35.42 on June 8, 2012 | http://pubs.acs.org
Publication Date: November 30, 1999 | doi: 10.1021/bk-2000-0742.ch001

25

Occurrence and Isolation. Investigators found that wood contained phenolic
substances such as lignans and tannins that were structurally similar to lignin and
therefore interfered with isolation studies. Lewis (675) and Hemingway (457) have
published excellent reviews on the chemistry of lignans and tannins respectively.

Many studies were undertaken to investigate lignin variations in different
portions of the tree. In 1954, Lange (244) verified that the native lignin in cell walls
was aromatic in nature by measuring the UV absorption of thin wood sections.
Goring et al. (370), reported in 1969 differences in the content of guaiacyl units in
primary and secondary walls and in the middle lamella of soft wood lignins. During
the next year, similar differences were also found in hardwood lignin (371). At the
NYSCES, Timell (344) in 1965 and then C6té et al. (346) in 1966 published major
information on compression wood.

During this time, researchers continued to work towards developing a lignin
preparation that was substantially unchanged from its in situ structure in wood. The
goal was approached in 1956 in A. Bjorkman's doctoral dissertation (257) from
Chalmers University of Technology, in Goteborg, Sweden. He reported that after
extensive milling in a non-swelling liquid such as toluene, up to about half of the
lignin in softwood was extracted by dioxane to yield milled wood lignin (MWL) or
Bjorkman lignin. In 1957, Bjorkman and Person (261) reported on the properties of
both softwood and hardwood MWL.

In 1957, Bjorkman (263) extracted a material that he called a lignin-
carbohydrate complex (LCC) from wood with solvents. In the same year,
Merewether (269) reviewed early ideas about LCC’s.

In 1950, Schubert and Nord (213) treated wood with brown rot enzymes
releasing a small amount of enzyme lignin with properties similar to that of MWL.

Biosynthesis. During 1950-60's, important findings concerning the formation of
coniferyl alcohol type substances in the cambial sap were made by using radioactive
tracer techniques and enzyme studies. Although many other authors contributed
heavily to this area, the work of Freudenberg and his many coworkers at the
University of Heidelberg formed the foundation to our current knowledge of this
field. The question of whether coniferyl alcohol was in fact the main precursor and
intermediate in lignin formation was settled by tracer studies in 1955 by Freudenberg
and Eisenhut (25I) and by Kratzl et al. (268) in 1957. In Freudenberg’s studies,
radioactive labeled coniferyl alcohol and its precursors coniferin and phenylalanine
were incorporated into lignin. Additionally, Freudenberg studied the products of the
enzymatic dehydrogenation of coniferyl alcohol using both the "zulauf" and "zutropf”
methods (258). In this work, Freudenberg discussed the principle of end-wise
polymerization, a term apparently first used by Sarkanen in 1971 and also reviewed
by Nimz, (404) and Adler (423). From dimeric and trimeric products obtained, they
were able to identify 8-O-4, B-5 and B-p linkages. Additional work by Freudenberg
included the detection of cell wall-bound B-glucosidase in lignifying tissue and the
isolation of p-glucohydroxycinnamyl alcohols in the cambium of conifers.
Freudenberg and Neish wrote an excellent review of the monomeric intermediates in
lignin biosynthesis in 1968 (362).
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In 1955, Brown and Neish (250) studied the involvement of the shikimic acid
pathway in lignin biosynthesis. Higuchi (267) investigated the biochemistry of lignin
formation in 1957. Kratzl (288) in 1960 studied the incorporation of *C labeled
glucose into spruce phenylpropane units. In 1965, Hillis and Isoi (336) investigated
the biosynthesis of polyphenols in eucalyptus.

Properties. Based on his studies of the Hildebrand solubility parameter of lignins in
certain solvents, Schiierch in 1952 (232) proposed that the insolubility of lignin in
neutral solvents was due to the fact that lignin was a network polymer. In 1955,
Gardon and Mason (252) found that sulfonated lignin molecules behaved as flexible
polyelectrolytes in measurements on conductivity, dyestuff adsorption, and viscosity.
In addition, from studying the variation between intrinsic viscosity and molecular
weight, they were able to determine that the degree of molecular chain branching was
greater in higher molecular weight fractions.

In 1960, Rex (290) demonstrated the presence of free radicals in softwood
dioxane acidolysis lignin via electron spin resonance (ESR). Comparison of ESR
spectra by Kleinert (355) in 1967 for several lignins and DHP preparations showed
that the amount of free radicals in each material was stable but varied between
preparations. Evidence also indicated that free radical reactions took place during
specimen preparation.

During this time, David Goring at McGill University was very involved with
studies into the polymeric properties of lignin. With Rezanowich in 1960, he
reported that lignin in solution assumed a nearly spherical shape (291). In 1963, he
found that the glass transition temperature of lignin was markedly decreased by
absorption of water (318). Goring proposed a degellation theory of delignification in
1968 (365) based on the assumption that wood contained two types of lignin gels.
He proposed that degellation proceeded as the reverse of Flory's concept of the
polymerization of trifunctional monomers. In 1971, Goring wrote an excellent
review on the polymeric properties of lignin (380) that included information on
molecular weight, molecular shape, electrolyte swelling, colloidal behavior, glass
transition temperature, adhesive properties, electrophoresis fractionation, and
associated solubility behaviors of lignins.

McCarthy and associates at the University of Washington were very active in
studies on the polymer properties of lignin sulfonates. The results of early
publications in this area were summarized in 1957 with Felicetta (264). Continuous
counter current dialysis of spent sulfite liquor was used to prepare purified
lignosulfonates fractions (194). Crystalline monomeric lignin sulfonates obtained
from spent sulfite liquor were first reported (361). In 1957, McCarthy and Felicetta
(270) used incremental sulfite delignification to yield five lignin sulfonate samples of
Mw values between 3400 and 30,000. These fractions were hydrolyzed to yield
"omega" preparations of Mw range 1900 to 13,000 through what the authors felt was
the cleavage of o-O-4 ether linkages.

In 1962, Jensen, Fremer and Forss (306) delignified spruce wood with acidic
Ca-bisulfite and fractionated the spent sulfite liquor using gelfiltration with Sephadex
G-25 and G-75. The low molecular weight components had similar acidic and
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neutral UV spectra to the high molecular weight components but different alkaline
spectra.

In 1970, Luner and Kempf (373) at NYSCFS estimated the size and shape of
several lignins (MWL, dioxane and kraft lignins) by determining Langmuir force-
area and potential-area isothermal diagrams of the lignins spread on water as
monomolecular films.

Structural Studies

Functional Groups. Work towards the development of spectroscopy
procedures for lignin analysis was very active during the 1950s. Analytical
procedures for the determination of lignin content in solutions by UV absorbance was
developed by Patterson (218). In 1950, Freudenberg (211) compared softwood lignin
with DHP using infrared (IR) spectroscopy. Assignment of infrared bands in conifer
lignin was made in 1960 by Hergert (286).

Aulin-Erdtman (220) and Goldschmid (243) showed how the Ag; UV
spectrophotometric differential method could be used to estimate the phenolic
hydroxyl content of lignin solutions. In 1955, Adler and Hernestom (249) found
though the sodium periodate oxidation of softwood lignin, that 30% of all guaiacyl
units carried free phenolic hydroxyls and that 70% were etherified. In 1961, Adler
and Lundquist (293) working with the oxidation of model compound orthoquinones
and MWL by Fremy’s salt estimated that the quantity of non-condensed phenolic
units in softwood MWL was 0.15-0.18 units/OCHj;.

Hergert and Kurth (239) employed IR spectroscopy in 1953 to estimate the
nature of carbonyl groups in lignins. In 1961, Adler and Marton (294) quantified
carbonyl and ethylenic groups in MWL. Carbonyl groups were determined through
oxime formation and borohydride reduction to be about 0.2 carbonyl groups per
OCH3, of which they felt half were conjugated. Through hydrogenation reactions,
the number of ethylenic groups were reported at 0.03 per OCH; group.

In 1964, Ludwig, Nist and McCarthy (326) analyzed acetylated derivatives of
MWL, dioxane, acetolysis, and Brauns “native”, lignins using "H NMR spectroscopy
apparently for the first time to estimate the quantities of several functional groups.
Measurements of the chemical shifts of NMR signals from lignin-like model
substances were used for calibration. Analysis of this data suggested that 50-60% of
the monomeric structural units in MWL were condensed. It also indicated that
hydrogen bonding existed in lignins. Lenz (364) confirmed and extended this work.

In 1975, Glasser et al. (406) at the University of Washington used 'H-NMR
spectroscopy to study the structure of acetyled lignosulfonates from Western
Hemlock. Eight monomeric and seven dimeric lignin-like sulfonates were
synthesized for use as standards.

In 1973, Lideman and Nimz (402) apparently were the first to use '’C-NMR
spectroscopy to characterize lignins. In 1974, Nimz and associates (401-404) made
several significant contributions using '*C-NMR that provided strong evidence that
lignin is a branch-chain high polymer consisting of coniferyl alcohol type monomers
and very probably combined chemically with carbohydrates.
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At the University in Goéteborg, Adler and his coworkers made many
important contributions to the lignin field. In 1955, Adler and Gierer (248)
determined by acidic methanolysis that the number of benzyl hydroxyl and ether sites
in MWL was approximately 42 per 100 C9 units. Cyclic benzyl ethers in structures
such as phenylcoumaran and pinoresinol were not included in this number. In further
studies using oxidation and Aej procedures, the total number of non-cyclic benzyl
ether groups was estimated at 24 per 100 C9 units (423).

Linkages. During this time, many procedures such as mild hydrolysis,
acidolysis, thioacidolysis, and permanganate oxidation were developed or improved
to break down lignin into fragments for analysis. The use of these procedures
allowed for the determination and quantification of the linkages between lignin
structural units.

Nimz, while in Freudenberg's group at Heidelberg, used mild hydrolysis (2%
acetic acid, 100°C for several weeks) to degrade lignin with limited condensation. In
1965, Nimz and Gaber, (338), isolated syringaresinol from a hardwood thus
indicating the presence of B-f links in lignin. In 1966 and 1967, many low
molecular weight compounds (some eight dimers and one tetramer) assumed to have
resulted from hydrolysis of benzyl ethers, were isolated and their structures
determined (350). Nimz used 'H-NMR (356) to obtain spectra of the important
lignin degradation products from mild hydrolysis. Also with the objective of
securing degradation of lignin without condensation, Sakakibara at Hokkaido
University in Sapporo, Japan conducted studies using a relatively mild hydrolysis
procedure. With Nakayama (299) in 1961, he found that heating softwood lignins in
dioxane-water solution at 180°C dissolved 40-60% of the lignin and yielded several
monomers and dilignols. Considerably more lignin was dissolved with hardwoods.

In 1964, Lundquist, found that acidolysis of softwood MWL gave rise to
important monomeric and dimeric lignin types of molecules (327).

In 1969, Nimz et al. (368) described the very important thioacidolysis
procedure for degradation whereby both a- and B-aryl ether bonds were cleaved.
The mono through tetra lignols thus obtained were quantified and significant
additional oligomers were identified.

Extensive research based on the mild hydrolysis in dioxane/water of lignin
model compounds by Sakakibara et al. (431) yielded the isolation and identification
of a variety of mono-, di-, and trilignols. '

In 1966 Hrutfiord and McCarthy (347), used mild catalytic hydrogenolysis
along with NMR and gas chromatography to estimate the number of condensed and
uncondensed units in lignin. Chemical shift values for certain lignin signals were
reported.

Miksche and associates (384,394) in the early 1970’s took advantage of the
powerful fractionation capabilities of gas chromatography to separate and identify the
products of the permanganate oxidation of lignin. These analyses allowed for the
quantification of linkage frequency in several lignin preparations from spruce and
birch.
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In 1957, Adler et al. (262) prepared model substances of the guaiacylglycerol
B-aryl ether type and found that upon heating in acidic dioxane-water, about 0.3
phenolic hydroxyl groups per OCHj; group were liberated. This was approximately
the same proportion of terminal C-groups characteristic of Hibbert's type ketones.
These results were taken to indicate that one fourth to one third of all guaiacyl
propane units were of the aryl glycerol type joined by B-aryl ether linkages.

Following the suggestion by Freudenberg that phenylcoumaran structures (f3-
5) were significant lignin components, Adler et al. in 1959 (278) quantified these
units in MWL at 0.08 phenylcoumaran entities per OCH; group through an acid
dehydrogenation reaction yielding stilbene-type structures.

From studies on the catalytic air oxidation of model substances of the vanillin
type, Pearl and Dickey (237) in 1952 proposed the presence of linkages of the o-o
type. Later, Pearl (357) concluded that he had misinterpreted the data and that the
correct linkage was B-1.

In 1955, Pew (254) proposed the presence of biphenyl linkages of the 5-5
type. Biphenyl linkages of the 5-1, 5-6 and 6-6 types were first detected by Chen
(301) in 1962. In 1953, Freudenberg and Rasenak apparently first proposed the
presence of biphenyl ether linkages (5-0-4 and 1-0-4) in lignin. Freudenberg and
Chen (354) first discovered these linkages between 1962-67.

In 1959, to examine the aromatic character of lignin and its chemical binding
with carbohydrates, Tischenko at the St. Petersburg Forestry Academy reported the
ozonization of wood and lignin samples in non-aqueous solvents. Carbohydrate-free
and carbohydrate-containing lignin isolated as triozonides were quantified through
mild heating and a reaction with KMnO, producing oxalic acid. Lignin containing
carbohydrates was found to consist of 60 to 68% lignin triozonide and 32 to 40%
carbohydrates (Shevchenko, UBC, personal communication, 1998).

Reactions. In further work relating to vanillin, Kratzl and Silbernagel (229) showed
that heating wood in water brought about a decrease in vanillin yield by nitrobenzene
oxidation presumably by the condensation of lignin. The relationship between
vanillin yield from nitrobenzene oxidation of lignin and the presence of phenolic
hydroxyl groups was reported by Leopold (230).

In 1960, Sarkanen and Dence reviewed the cleavage of alkyl-aryl-ether
linkages in lignin (292). In 1961, Gierer and Kunze at STFI (298) showed that the
mechanism of cleavage of B-O-4 alkyl-aryl ethers involves a nucleophilic attack of
neighboring hydroxyl groups on the B-carbon atom resulting in the formation of an
epoxide and simultaneous removal of the aryl ether substituent as a phenoxide ion.
In 1962, Gierer with Norén (305) clarified that the cleavage of a-aryl ether bonds
during alkaline delignification proceeds via quinonemethide intermediates and thus
requires a free phenolic hydroxyl group in the p-position to the propyl side-chain. In
1964 Gierer et al. (324) found with model substances that NaOH solution cleavage of
B-0-4 linkages may occur if there is an adjacent hydroxyl or carbonyl group on the a-
or y-carbon of the propanoid side-chain.
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In 1964, Gierer and Smedman (325) investigated the favorable effect of sulfide
ions on the alkaline degradation of lignins during kraft delignification. It was found
that the benzylthiol ion formed from the addition of a sulfide ion to a quinone
methide intermediate, attacked the B-carbon atom forming a thiirane (episulfide)
intermediate. The P-substituent was then eliminated through the sulfidolydic
cleavage of the B-aryl ether bond. In 1962, Tischenko and Zhigalov (311) apparently
first proposed sulfur dispositions in thiolignins.

In 1965, Sarkanen and Suzuki (342) showed that the peracetic acid oxidation
of softwood lignin caused ring cleavage forming dicarboxylic acids.

Goring, Procter, and Yean (358) used UV microscopy in 1967 to find that in
both kraft and acid sulfite pulping, lignin was removed preferentially from the
secondary wall before the middle lamella. They observed no concentration gradients
nor did they find that diffusion played a dominant role in delignification kinetics. In
a later investigation, however, Goring (397) found that kraft lignin could be removed
almost completely from fibers using a very long extraction time.

Gierer (372) summarized the chemistry of delignification in 1970 in a
publication in which he discussed the mechanistic features of kraft, soda, neutral
sulfite, and acidic sulfite pulping processes.

In 1957, Tischenko (272) proposed that since lignin consists of
phenylalcohols or their ethers, lignin condensation should follow the pattern of
formation of phenol-formaldehyde resins. In 1962, Ashorn and Enkvist showed that
heating kraft black liquor with sulfur gave moderate yields of phenyl derivatives as
well as dimethylsulfoxide (300).

Formulations. Freudenberg proposed schematic models of lignin in 1961, 1962,
1964, 1965 and 1968 (362). He started with 15 structural units in his formulation in
1961 and finished with eighteen structural units and three variants in 1968 (Figure 1).

In 1965, Forss and Fremer (333) in Helsinki at the Finish Pulp and Paper
Research Institute proposed a structure (Figure 7) for coniferous lignin based
primarily on the results of their own investigations. They felt that lignin was a
heterogeneous material composed of a lignin polymer and a number of low molecular
mass lignin-like hemilignins. The polymeric lignin was composed of identical
repeating units. Each repeating unit consisted of 16 guaiacylpropane and 2 p-
hydroxyphenylpropane units. Eight of the guaiacylpropane units and the two p-
hydroxyphenylpropane units were interlinked to form an unhydrolyzable core. The
remaining eight guaiacylpropane units were linked to the core by C4-O-C bonds. It
must be noted that this structure is quite different from other proposed structures and
that little account seems to have been taken of the evidence indicating the presence of
several different configurations for structural units.

In 1973 and 1974, Nimz (396, 403) proposed a model structure for beech
lignin (Figure 3) based in part on the results of his thioacetolysis and mild hydrolysis
studies. His model consisted of twenty-five structural units of which six could be
replaced by certain specific dilignols. The sequencing of the units is mostly
arbitrary. His scheme can be rationalized in terms of the oxidative coupling of a
mixture of 14, 10, and 1 molecules of coniferyl alcohol, sinapyl alcohol, and p-
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coumaryl alcohol respectively. The proportions of the several types of bonds
between the structural units are shown in Table I.

In 1971, Glennie (378) reviewed reactions in sulfite pulping and set forth the
model structure of lignin sulfonates shown in Figure 8. The average molecular
formula for a C9 unit in this structure is very similar to the formula obtained through
TH-NMR studies by Glasser et al. (406) described earlier.

From 1964 to 1971, Marton (328,385) conducted extensive studies on kraft
lignins and wrote an excellent review of alkaline pulping and lignins in which he set
forth a tentative formulation of pine kraft lignin (Figure 9). In this formulation,
about one half of the 14 structural units have lost side-chains, 30% are still non-
phenolic; and 20% do not contain methoxyl groups. Portions of the phenylcoumaran
structures from the original lignin have been converted to stilbenes and some
condensation has occurred.

Glasser and Glasser (398, 399) developed several structural formulations for
softwood and hardwood lignins using a computer-based simulation approach starting
in 1974. Their structures were based upon certain analytical attributes along with the
assumption that lignin formation occurs by random coupling of phenoxy radicals of
coniferyl alcohol.  To explain discrepancies between measured elemental
compositions of lignin and their presumed structure (Figure 5) they incorporated
certain undetected linkages and structural units.

Technology

Environmental. In 1970, the United States Congress approved the Environmental
Protection Agency (EPA) Act that contained provisions of great importance to the
pulp and paper industry. Many regulations were set down which stimulated
significant research in environmental areas. Discharge of pulping effluents into
watercourses was strictly controlled during this period, which forced calcium based
sulfite mills to recover and sell the solids from their pulping effluents or convert to a
different base that would allow a recovery system. The release of bleaching effluents
also presented problems because of the presence of toxic entities such as
chlorodioxins. The effluents also depleted oxygen in receiving waters. Discharge of
volatile components into the atmosphere presented problems in both kraft and sulfite
mills.

Pulping and Bleaching. In 1950, Sillen and Anderson (233) reported the
equilibrium compositions of sulfite recovery furnace gases and solids that they
calculated by thermodynamic methods. At economically feasible furnace
temperatures, only the magnesium-based system gave MgO solids and SO; gas. For
CaO and NayO recovery, substantially higher temperatures were needed. Ammonia
was consumed but SO, recovery was feasible.

In 1956, Nikitin and Akim (259) described the use of an oxygen alkaline
method for delignification and improved bleaching. In 1974, Kratzl et al. (400)
studied the mechanisms of reaction of molecular oxygen with model substances in
alkaline solutions. The formation of phenoxy radicals was discussed in terms of
reactions such as side-chain elimination, ring opening, and demethoxylation. The
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effect of substituent groups on oxidizability correlated well with physico-chemical
data. The calculation of critical oxidation potentials by quantum mechanical
procedures was also reported.

Other Technologies. Gottlieb and Pelczar (216) reviewed the research undertaken
through 1951 on the biodegradation of lignin. Kirk’s summary (382) on the
advances in lignin biodegradation research from 1951 until 1969, included
information on the effect of white rot, brown rot, bacteria, and phenol oxidases on the
degradation of lignins.

The "Rheinau” process for wood saccharification was described in 1958 by
Higglund and Riehm (276). Wood was reacted first with fuming and then dilute HC]
producing nearly quantitative yields of sugars. In 1940, a full-scale plant of this type
using wood waste was constructed at Regensburg, Germany which reportedly
produced 500 tons/month of yeast.

Enkvist and Turunen were involved in early work on the cleavage of kraft
black liquor in NaOH-NaSH melts yielding dimethy] sulfide and methyl mercaptan.
The same products, according to Hégglund and Enkvist (266) in 1957, were obtained
by pyrolysis of kraft black liquor with added sodium sulfide. In 1960, Goheen et al.
(281) reported that the Crown Zellerback Co. built a ten million lbs/year plant at
Bogalusa, LA to produce dimethyl sulfide from kraft black liquor. In a subsequent
step, the dimethy] sulfide was oxidized to dimethyl sulfoxide.

In 1951, Fisher and Marshall (215) described the rebuilding of the vanillin
plant at Thorold, Ontario to use CaO as a less expensive alkali. In 1953, the
Monsanto Chemical Co. (240) established a vanillin plant in Seattle in which
softwood spent sulfite liquor was alkaline air oxidized using a copper catalyst. Both
of these plants were closed in the 1990’s because of competition from synthetic
vanillin from guaiacol.

Osahima, Maeda and Kashima (329) described phenol production from lignin
using a high temperature process. Lignin sulfonates were desulfonated through
heating in phenolic solvents at around 400°C for 4 hours yielding 20% monomeric
phenols. It does not appear that this process was ever commercialized.

Industrial Lignins. In 1947, Puget Sound Pulp and Timber Co (now Georgia
Pacific West, Inc.) began production of a fermented calcium lignosulfonate product
(LIGNOSITE) in Bellingham, Washington. In 1960, King and Adolphson (287)
patented the use of chrome and ferrochrome derivatives of LIGNOSITE as additives
to oil well drilling muds.

In 1957, the lignin manufacturing facilities of the Marathon Corporation
described earlier were acquired by the American Can Company. Production and
sales of lignin chemicals from the kraft pulping of pines continued at Westvaco.

ITT Rayonier Inc began selling a calcium lignosulfonate product (Raylig) in
1937 from their Shelton, WA sulfite mill. Following the closure of this mill in 1956,
the lignin business was transferred to Hoquiam, WA where it was subsequently
expanded (Hergert, personal communication, 1998).
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Books. During 1950-1975, several excellent books and chapters on lignin chemistry
appeared: Included in these were:, Higglund, Chemistry of Wood, 1951 (217);
Brauns, Chemistry of Lignin, 1952 and 1960 (221,285); Nikitin, the Chemistry of
Cellulose and Wood, 1962 and 1966 (307,184); Browning, the Chemistry of Wood,
and Methods of Wood Chemistry, 1963 and 1967 (312,353); Marton Lignin Structure
and Reactions in 1966 (348); and Sarkanen and Ludwig, Lignins, Occurrence,
Formation, Structure and Reactions, 1971 (388); and Rydholm, Pulping Processes,
in 1965 (339).

1975 - 1989.

During this time, studies continue to confirm the accepted concepts of lignin
structures. Understanding of delignification and bleaching mechanisms is improved
as a result of significant research. Anthraquinone is introduced as a pulping catalyst.
EPA regulations have decreased the use of chlorine derivatives in favor of oxygen
species. Use of industrial lignins has continued to increase as has research efforts
directed towards finding new uses.

Chemistry

Occurrence and Isolation. Hergert at Oregon State University reported in 1977
(427) that there were differences between Braun's lignin and lignin in xylem tissue.
He previously reported that bark lignins were very similar to xylem lignins when
isolated by the same methods.

In 1979, Meshitsuka and Nakano (167) explained the mechanisms involved in
the Miule color reaction. In hardwoods, the purple color arises from the formation of
chlorinated methoxy ortho-quinone structures from syringyl groups while in
softwoods the brown color arises from the formation of chlorinated o-quinones from
guaiacyl groups.

In 1981, Lee, Meshitsuka, Cho and Nakano (458) concluded from their earlier
studies of stepwise preparation of MWL, that MWL from hardwood mainly
originates from the compound middle lamella.

In 1985, Meshitsuka and Nakano (491) at the University of Tokyo developed
a technique for collecting and differentiating xylem fractions from hardwoods. They
were able to collect middle lamella and primary wall sections with only minor
contamination from the secondary wall. From the analysis of these samples, they
concluded that the middle lamella lignin in hardwood fibers is rich in guaiacyl units
and highly condensed.

In 1987, Atalla (498) at the United States Forest Products Laboratory
observed that aromatic rings in lignin seemed to be aligned preferentially in a
direction tangential to the secondary wall in softwood xylem tissue.

Biosynthesis. In 1982, Westermark (466) at STFI reported that the reaction of an
enzyme generated superoxide radical with coniferyl alcohol in the presence of
calcium at pH 8, yielded dehydrodi conferyl alcohol and pinoresinol.
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Properties. In 1976, Zarubin (422) proposed, apparently for the first time, that
lignin is as an acid-base system and that the functional groups in lignin can be
classified based on the principles of modem acid base theory. In 1979, Lindstrom
(439) at STFI reported in some detail on the colloidal behavior, association and
gelation properties of kraft lignin.

Connors, Sarkanen and McCarthy (440) in 1980 found that a bimodal
molecular weight distribution for lignins seemed to arise from molecular association
during chromatographic processes. In 1984, Pla and Robert (478) described the
conformation of lignin in solution.

The viscoelastic properties of the amorphous components of wood were
studied by Salmén (480) and by Kelley et al. (523) with the softening behavior
modeled following the WLF equation. Distinct and separate glass-to-rubber
transitions for lignin and non-crystalline carbohydrates were identified that revealed
Ty values for lignin between 60 and 100°C.

In 1989, Elder (515) characterized certain coniferyl alcohol type monomers
using computational chemistry methods.

Structural Studies. In 1976, phenylcoumaran structures with cinnamaldehyde and
o-hydroxypropane side-chains were isolated through dioxane-water hydrolysis of
lignin by Aoyama and Sakakibara (412). In the same year, Yasuda and Sakakibara
(420) isolated B-6 phenyl-isochroman from the hydrogenolysis of compression wood.

During this time period, a significant amount of effort was applied towards
investigating the structure of lignin using NMR. In 1977, Lundquist and Olsson
(430) used "H-NMR to characterize lignin. At McGill, Argyropoulos (578) used '°F-
NMR and *'P-NMR spectroscopy. At the EFP in Grenoble, Robert and Gagnaire
(460) apparently reported the first quantitative structural analysis of lignin using Be-
NMR. Robert and Brunow in 1984 found via >NMR (479), that MWL contained
about 0.9 aliphatic OH/OCHs. In 1989, Robert, et al. used >NMR to evaluate the
distribution of erythro and threo forms of various types of B-0-4 structures.
Surprisingly, in spite of its large number of asymmetric carbon atoms, lignin seems
to be the only natural macromolecule that has no optical activity (503).

In 1986, Ishizu and Nakano (677) developed procedures for the
characterization of lignin by ozone degradation and discussed erythro and threo ratio
of the a-carbon of lignin side-chain based upon erythronic and threonic acid yields.

Formulations. In 1977, Adler proposed (423) a lignin structure (Figure 2) with
sixteen different prominent structures in arbitrary sequence. For spruce lignin, he
estimated the frequency of occurrence of certain linkages as shown in Table I. Adler
also included the same linkage types and frequency data for birch.

Sakakibara (447) generated a lignin structure in 1980 (Figure 4) based on
available analytical data. His model contains 28 structural units and several
alternates as shown in Table I. Certain doubtful structures were omitted.

Glasser and Glasser continued their work with their computer-model (453)
that provided a comparison between experimental and predicted analytical results for
the structure of lignin. The results of many independent analytical methods such as
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elemental and functional group analyses, 'H-NMR spectroscopy, permanganate
oxidation degradation, and gel-permeation chromatography were incorporated in the
program. A structural scheme for softwood lignin was generated (Figure 5). The
linkage frequencies for this structure are given in Table L.

Reactions. In 1989, Gellerstedt and Northey (517) at STFI studied the structure of
birch MWL from the quantification of over 30 different acids from permanganate
oxidation. Their results suggested that o aryl-ether linkages were cleaved during
milling.

Technology

Delignification and Bleaching. In 1977, Holton and Chapman (429) of Canadian
Industries, Ltd. reported yield increases as a result of the addition of anthraguinone to
alkaline pulping. Nomura (Meshitsuka, G., University of Tokyo, personal
communication, 1998) independently developed a similar method using tetrahydro
anthraquinone in Japan in 1974. This method is widely used in the world particularly
in Japan, and other Asian countries. In 1977 Gratzl et al. (425) studied the effect of
quinone additives on the soda pulping of hardwoods.

In 1976, Akim et al. (411) reported on changes in the molecular weight
distribution of cellulose, which occur during the oxygen-alkaline purification of
pulps. Gierer and Insgard in 1977 formulated mechanisms for reactions of lignin
with oxygen and hydrogen peroxide in alkaline media (426). In 1980, Sjostrém
(448) summarized the knowledge of chemistry of oxygen delignification as well as
the chemistry of sulfite delignification.

In 1980, kraft pulping was interpreted in chemical terms by Gierer (452) as a
competition between alkali-promoted degradation and condensation reactions.
Cleavage of the various types of lignin bonds was attributed to three phases of kraft
pulping. Similarities in the degradation mechanisms of lignins and carbohydrates
were noted. Based on the results from extensive model studies, Gierer (486,487) in
1985 divided the chemical reactions involved in pulping and bleaching into
nucleophilic and electrophilic categories. This concept greatly facilitated the
understanding of cooking and bleaching reactions and their complicated interplay in
various sequences.

Saka, et al. (465) in 1982 investigated the topochemistry of delignification by
soda, soda-AQ and kraft of thin sections of Douglas Fir (Pseudotsuga menziesiii)
using a bromination technique monitored by SEM-EDXA. Kinetics were established
for the removal of lignin from morphological regions. The data suggested structural
differences between middle lamella and secondary wall lignins.

In 1981, Glasser (434) reported that based on the results of an extensive study
on the structure of residual lignins in pulps, the bond between lignin and
carbohydrates is a dynamic one and is regenerated following cleavage under pulping
conditions. This dynamic behavior manifests itself in dramatic changes in the
association of lignin with carbohydrates while having little input to linkage types and
distributions. The regeneration of the lignin-carbohydrate bond was attributed to the
formation of quinone-methide intermediates during delignification.
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In 1986, Dolk, et al. (495) undertook delignification studies using a flow-
through reactor to reduce the residence time of solutes to a few minutes to minimize
solution changes in dissolved lignins. Softwood (Western hemlock) was soda pulped
while a hardwood (Black cottonwood) was subjected to soda and organosolv pulping.
During the course of the delignification of hemlock with alkali, the M, values rose
from about 3000 to 26,000 (M,/My= 2.7 to 11.5). With Cottonwood, the M,, values
rose from about 4700 to 55,000 (M./M, = 2.1 to 8.5) during alkaline pulping and
rose from 800 to 7400 (M,/M, = 1.8 to 10) in the organosolv system.

Kinetics and reaction mechanisms for the alkaline delignification of hemlock
were discussed by Yan et al. (482) in terms of the gel delignification theory.

Biodegradation. In 1980, Hall (444) implicated reduced and otherwise activated
oxygen-species such as superoxide radical anion in the degradation of lignin when
efforts to identify extracellular lignin-degrading enzymes initially failed. This non-
selective oxidative lignin degradation mechanism was subsequently shown to be
supplemented by distinctive enzymes. Kuwahara, et al. (476), isolated the Mn-
peroxidase enzyme in 1984 from ligninolytic cultures of Phanerochaete
chrysosporium. Later three forms of Mn-peroxidases were isolated by Johansson and
Nyman (500). Forrester et al. (507) reported in 1988 that Mn-peroxidase is unique
because of its apparent ability to penetrate lignocellulosic complexes.

In 1976, Forss and Passiner (414) described the Pekilo process for production
of food and feed protein through the continuous fermentation of SSL carbohydrates
and acetic acid by microfungus Paecilomyces varioti. Ovchinnikova et al.. (470) in
Russia in 1983 studied the possibilities of using oxygen-alkaline bleaching effluents
for production of yeast for animal feed.

In 1971, Goheen (379) reported that kraft black liquor has an energy content
of 2948 Kcal/Kg in spite of containing more than 40% inorganics. Lignin alone has
thermal content of about 61,000 Kcal/Kg which is about 1.5 times more than
cellulose. Burning kraft black liquor solids, according to Goheen, was economically
a marginal use and perhaps the best use of lignin would be to leave it in paper and
thus improve the yield.

Lignin Products. During this time period, there were several publications on studies
into development of lignin-based resins. Much of this work was concentrated on
thermosetting polyurethanes, phenolics, epoxies and acrylates; and on thermoplastic
esters, ethers and star-like block copolymers.

Forss and Fuhrmann reported in 1976 the production of Karatex which was a
kraft black liquor based adhesive for plywood (413). In 1979, Gratzl (438) discussed
the potential of using technical lignins as extenders in phenolic resins. He stated that
for softwood kraft lignin; base-catalyzed hydroxymethylation occurs at the 5-postion
for about every third structural unit. For acid catalyzed ketone-kraft lignin
condensation, reaction is estimated to occur in 40 to 70 sites per 100 structural units.
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In 1982, Mathur studied the characterization of SSL-phenol condensation product
using several analytical techniques (464).

Lindberg, Kuuasla and Levon (527) of the University of Helsinki discussed
the chemical and technological aspects of lignin modification and utilization paying
particular attention to the ability of lignin to compete with oil-based products.

Glasser with Saraf (408) in 1975 at VPI reported on engineering plastics
containing lignins. In 1985 with Saraf and others (475, 477, 481), Glasser discussed
the effect of carboxylation and on hydroxyalkylation on lignin containing plastics.
Glasser’s work (518), provided the first successful approach to the development of
thermosetting and thermoplastic structural polymers using lignin derivatives based
upon kraft and organosolv lignins.

Industrial Lignins. Georgia Pacific continued to expand production and sales of its
LIGNOSITE product line of lignosulfonates.

In 1982, the lignin manufacturing facilities of the American Can Corporation
in Rothschild and Green Bay were sold to Reed's North American Paper Group out
of Canada (Rasmussen, G., Lignotech-USA, personal communication, 1998). In
1988, Daishowa Chemicals Inc acquired the Division. In 1991, Borregaard
LignoTech of Norway acquired the business (Aarsrud, W., Lignotech-Sweden,
personal communication, 1998).

From the middle of 1970's, the Hoquiam, WA sulfite mill of ITT Rayonier
sold all the sodium lignosulfonates produced at the mill until the mill was closed in
1992. During some years the profitability of the lignin business was greater than that
of the pulp business. The Marathon vanillin plant was sold to ITT Rayonier in 1975
and transported to Hoquiam where it operated until the shutdown of the sulfite mill
(Hergert, H., consultant, personal communication, 1998).

Tembec Inc, at Temiscarning, Quebec began selling evaporated ammonium
lignosulfonates in 1983 for feed pelleting. In 1984, production increased to include
spray-dried ammonium and sodium lignosulfonates. (Benson, R., Tembec Paper,
Quebec, personal communication, 1998).

Alcell lignin was produced on a pilot plant scale in Valley Forge, PA from the
delignification of hardwoods by acidic ethanol-water. Much research was undertaken
to understand the characteristics of this product as well as possible applications.
(Hergert, H., consultant, personal communication, 1998.)

In about 1990, the Aldrich Chemical Company began to list for sale a series
of certain lignin preparations including organosolv and autohydrolysis lignins.
(Glasser, VPI, personal communication, 1998.)

Books. In the 1975-1989 period, additional important books and major reviews
appeared including: Adler, Lignin Chemistry, Past, Present and Future, 1977 (413),
Nakano, Chemistry of Lignin, 1978 (432); Glasser, Lignin, 1980 (442), Fengel and
Wegener, Wood Chemistry, Ultrastructure and Reactions, 1984 (473); Boye,
Utilization of Lignin and Lignin Derivatives, 1984 (472); Glasser and Sarkanen,
Lignin, Properties and Uses, 1989 (518), Kirk, Higuchi and Chang, Lignin
Biodegradation, 1980 (445,446); Crawford, Lignin Biodegradation and
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Transformation, 1981 (450), Higuchi, Chang, and Kirk, Recent Advances in Lignin
Biodegradation Research, 1983 (468); Higuchi, Biosynthesis and Biodegradation of
Wood Component, and Bioprocess Engineering, 1985 (489)and 1989 (522).

An excellent small but encompassing textbook was written by Sjostrom
entitled, Wood Chemistry; Fundamentals and Applications, 1981 and 1993 (461,13).

International Synposium on Wood and Pulping Chemistry. After World War II,
several international wood chemistry related meetings were held in such locations as
Seattle, New York, and Grenoble. At these meetings, discussions developed on the
conflict of these international meetings with regional meetings. At a TAPPI wood
chemistry meeting held during a conference in 1980 in Helsinki, Knut Kringstad of
Norway and Ingemar Falkehag of the United States led a discussion where it was
decided to assemble one truly international meeting on alternate years. Involved in
this discussion were J. McCarthy (USA), H. Nimz (Germany), C. Heitner (Canada),
J. Jensen (Finland), and others (K. Kringtad, private communication, 1999)

The Swedish researchers took the initiative of organizing the first symposium
in 1981 in Stockholm as the Ekman Days, in honor of the man who established the
first chemical pulp mill in 1874. The Symposium has met biennially in many cities
around the world including Tokyo, Japan (1983), Vancouver, Canada (1985); Paris,
France (1987), Raleigh, USA (1989); Melbourne, Australia (1991); Beijing, China
(1993), Helsinki, Finland (1995) and Montreal, Canada (1997).

1990 - 1998.

Significant advances have been made in the study of the biosynthesis of lignin and
lignans. The stereoselective coupling of coniferyl alcohol was observed and this
finding suggested that lignin formation may be not random, but an ordered process.
Gene manipulation of a Populus gave rise to a substantial increase in cellulose
content, and a significant decrease in lignin content. An eight membered ring was
found in lignin. A useful procedure for description of lignin structure using fractal
geometry was suggested. Industrial lignin technology and opportunity continued to
advance.

Chemistry

Occurrence. In 1997, Hansen and Bjorkman (633) at the Danish Technical
University examined the ultrastructure of the wood fiber wall by using the Hansen
solubility parameter concept. They found that while lignin and cellulose had no
affinity, hemicelluloses had affinity for both and therefore acted as a type of
surfactant binding cellulose and lignin together.

Biosynthesis. During this time, knowledge increased greatly concerning many
aspects of the biochemistry and genetics of plant growth and metabolism (652). In
1998, Lewis and Davin (672) reviewed what was known about lignin biosynthesis in
three phases: pathways to monolignols, coupling of phenylpropanoids to lignin or
lignan dimers, and conversion of dimers to polymers, i.e. lignins.
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Several investigators described the manipulation of genes in trees hoping that
bioengineering would produce more easily pulped trees. Chang et al.. (668), reported
that the cellulose and lignin content of Populus tremuloides could be changed
substantially through this process. In 1998, Lapierre, Petit-Conil, and Leplé (670)
studied the effect on lignin structure and kraft pulping of genetic engineering of
Populus lignin through downgrading certain key enzymes of the lignin biosynthetic
pathway.

Lewis, Sarkanan and associates (673,640) reported that when an oxidase such
as lacase is incubated alone with E coniferyl alcohol, three racemic dimers are
formed. However, when a particular 78 kva dirigent protein (isolated from a
Forcythia ) is added to the enzyme mixture, the coupling is redirected to afford
essentially only (+)- pinoresinol. This was the first example of in vitro steroselective
bi-molecular phenoxy radical coupling; an essential step in the overall biosynthesis
process. The subsequent polymerization of these dimers by a template mechanism
(683) to lignins and lignans is postulated by S. Sarkanan to occur.

Higuchi (635) recently suggested that all enzymes involved in lignin
formation have now been recognized. Landucci (638) prepared and characterized a
DHP through a dehydropolymerization of p-hydroxycinnamyl alcohol with metal
oxidants.

Properties and Charactrization. Evstighneyav, et al. (553) at the St. Petersburg
Forest Academy described the electrochemistry of quinonemethides. In 1989,
Lundquist, Von Unge, Bardet and Robert reported the distribution of erythro and
threo types of B-O-4 structures in aspen lignin as determined by >*C-NMR using the
INADEQUATE pulse sequence (531). In 1997, Li, Lundquist and Stomberg (645)
studied the stereochemistry of lignin structures and products of alkaline degradation.

Many procedures have been developed for the characterization of lignins by
physical methods.  Examinations of MWL using the new MALDI mass
spectrographic procedure were described by Metzger et al. (567). It was determined
that individual lignin species could be identified and quantified up to a molecular
weight of as high as perhaps 50,000. Using the same procedure, Angelis et al. (613),
evaluated the molecular weight distribution of a DHP and found reversibility in the
formation.

In 1993, Buchholz et al. (552) characterized certain purified pauci disperse
lignosulfonate fractions of differing M,, ranging from 2400 to 140,000. Hydrogen,
oxygen, and methoxyl contents per C9 were found to be similar while hydroxyl and
sulfonate increased with decreasing molecular weight. Constants for the Mark-
Houwink equation were determined. As a function of My, values were obtained for
diffusivity, UV absorptivity, intrinsic viscosity, hydraulic radius, and zeta potential.

Tsutsumi, et al. (543), described the relative utility of permanganate oxidation
versus ozonation procedures for characterizing structures of lignins and model
compounds. Erythro and threo ratios for a-carbon configurations in softwoods,
hardwoods and certain grasses determined by ozonation were estimated by Sarkanen,
Islam, and Anderson (569). Many characteristics of jute lignin were reported by
Sarkanen and Islam (585).
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For rapid characterization of wood and lignins, Meier and Faix (566) showed
the value of analytical pyrolysis. In 1992, Faix (655) summarized the utility of FTIR
spectroscopy in rapid lignin characterization.

In 1998, Akim, Cordeire and Neto (653) characterized cork lignin by dry HI
splitting with "H-NMR and GPC analysis. Their study indicated that cork lignin is a
three-dimensional cross-linked network polymer rather than a branched type
polymer.

Chemical degradation of lignins by the use of thioacidolysis was again
employed by Monties, Lapierre et al. (631) in France to establish linkages in certain
dimers. Applications were described (587) for this procedure to provide molecular
profiles of lignins.

Stepwise cleavage of ethers in a hardwood lignin by the use of trimethylsilyl
iodide by Hori and Meshitsuka (636) revealed heterogeneity in structural units.
Certain B-5 types of lignin model compounds were synthesized by Li and Lundquist
(641, 642). Alkaline hydrolysis of non-phenolic 3-O-4 model compounds was again
reported by Schultz and Fisher (648). Kadala, et al. (632), investigated high
temperature reactions of model compounds and lignins with stabilized hydrogen
peroxide.

In 1998, Omori, Aoyama, and Sakakibara (681) at Hokkaido University
studied the reactions of B-0-4 lignin model compounds in the presence of
carbohydrates. Recombination of cinnamyl alcohol radicals produced during heating
of dimeric model compounds was not observed if polysaccharides were present.
Carbohydrates were considered to act as hydrogen donor to stabilize the formed
radical species.

Isolated lignins and model substances were studied at McGill University by
Argyropoulos et al. (627) using °F .NMR & *'P -NMR procedures.

Formulations. Forss and Fremer (658) in 1998 again pointed to the concept that
coniferous lignin is a heterogeneous material composed of polymeric glycolignin and
a substantial proportion of generically different low molecular mass hemilignins.
According to this view, it is not possible to describe adequately polymeric lignin and
the different hemilignin molecular species by specific structural formulas.

Karhunen, Rummakko, Sipilia and Brunow (606) discovered the presence of
a new type of intermonomer linkage in softwood lignin representing an 8-membered
ring (dibenzodioxocin). The structure was synthesized by Karhunen, Rummakko,
Pajunen and Brunow (620) in 1996. A structure containing this unit is presented in
Figure 6 (687). A similar 8-membered ring configuration also appears in Taxol, a
medically significant component from the bark and wood of certain trees of the
Taxus genus (578).

As a new approach to describe lignin structures, fractal geometry was applied
by Gravitis (558) in 1992. Jurasek (619) also used fractal dimensions to describe
middle lamella, secondary wall and DHP lignins.

Three-dimensional computer modeling of middle lamella, secondary wall,
and DHP lignins was continued by Jurasek in 1998 (669) using seven bond types
with specified frequencies reported in Table I. Lignin-hemicellulose cross-linkages
were used in the secondary wall modeling. Lignin structures have been created for
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DHP entities using both zutropf and zulauf procedures. Consideration was given to
both hydrogen bonding and primary valence cross-linking. Secondary wall structural
units and their aromatic rings were preferentially oriented in parallel with the main
fiber axis with a fractal geometry order parameter of 0.19 and 0.18 for softwood and
hardwoods, respectively. Atalla (498) has reported observing similar orientation
from Raman microprobe experimentation.

Technology

Reactions. In 1992, Hrutfiord and Negri (559) studied the role of residual lignin in
the chlorine bleaching process as the possible source of PCDD and PCDF. Working
with DHP lignin, it was found that phenols substituted in the 4-position with a
chlorine-displacement side chain were good dioxin precursors. Compression wood
possessed much more of these structures than normal woods. The mechanisms
involved in this process were discussed in a separate paper (560).

In 1993, Cole studied brightness stability in high yield pulps (579). Heitner
studied the generation of free radical species during the light-induced yellowing of
pulp (665). Liu, Gustafson, Callis and McKean (643) described a method to
determine the residual lignin content of individual pulp fibers through measurement
of fluorescence after staining using a microphotometric method.

The increase of the content of carboxyl groups in industrial lignins by alkali
fusion was reported by Nakano and Yamada (609).

Pulping. In 1991 SSA-Billerud in Sweden commercialized the “shock” pyrolysis
method to convert sodium based spent sulfite liquor to sulfur-free sodium carbonate
(Bjorkman, DTU, personal communication, 1996). Recently this method has been
modified to supplement or to replace Tomlinson kraft recovery furnaces.

Leclerc and Olsson (563) reported in 1992 that lignin removal during pulping
can be pictured by de-gelation models assuming the presence in wood of two distinct
cross linked lignins; one in the middle lamella and the other in the secondary wall.
Delignification mechanisms for hardwoods in a soda-AQ system were proposed by
Venica, Chen and Gratzl (651). Gellerstedt (6/4) described reactions during CMP
pulping.

Literature relating to delignification using flow-through reactors has been
reviewed by Islam et al. (6/8) in 1996. In this procedure, plant tissue as thin platelets
remains stationary in the reactor while the reaction liquid flows through at a nearly
constant composition.

Compositional changes in structural units during kraft and Alcell (acidic
aqueous ethanol) delignification were studied in 1998 by Lin, Pye and Argyropoulos
(676) using *'P- NMR and other procedures. In the Alcell process, significant lignin
condensation at C-5 was found to occur but at different degrees for softwood and
hardwood lignins. Aspen MWL was found to contain about 4-p-hydroxyphenyl
propane structures per 100 structural units which were easily dissolved during

pulping.
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Lonneberg (644) evaluated the reactivity of residual lignins in pulps.
Treimanis (573) reported on the influence of fiber structure on pulp properties.

Bleaching. The mechanisms of kraft pulp bleaching were reviewed by Gellerstedt
(614) in 1996. The shift away from chlorine bleaching has been reported by Moran
(680). 1998 estimates show the dominant use of ClO,, with major decreases in Cl,
and rising use of H,O, and O,, and ozone (O3;). The trend toward chlorine free and
use of oxygen derivatives is strong and doubtless will continue.

During the 1988-1995 period, the reactions between oxygen radicals and
prominent lignin structures were extensively studied by Gierer and coworkers (594).
Oxygen radicals were generated by y-rays using determination methods based on
chemiluminescence. In 1990, Gierer (534) rationalized the complex course of
bleaching of pulps by dividing the reactions involved into three categories: cationic,
radical, and anionic reactions. Gierer in 1997 (632) paying particular to the role
played by superoxide and hydroxyl radicals reviewed the chemistry of totally
chlorine free (TCF) bleaching

In 1994, Akim (592) compared bleaching of sulfite pulp using oxygen,
peroxide and ozone technologies to older methods using chlorine and hypochlorite.
Akim reported that oxygen and alkaline bleaching allows for the complete
elimination of chlorination, the direct discharge of bleaching effluents into the kraft
black liquor recovery system, increased yield and quality of bleached pulp, and
significantly bleaching costs. The decrease in volume and contamination of
bleaching effluents in this system assists the goal of closed cycle water system. . The
kinetics of oxygen bleaching of hardwood sulfite pulp were described by Koksharov
and Akim (562).

Application of ligninolytic enzymes to bleaching of kraft pulp with
manganese peroxidase was investigated by Harazono, Kondo and Sakai (6/6) in
1996.

Biodegradation. In 1993, Gierer (582) proposed that the microbial degradation of
lignin is brought about by superoxide and hydroxyl radicals rather than by enzymes
such as ligninases, phenol oxidases and peroxidases. These enzymes are considered
to caytalyse the formation of the degrading radicals rather than the degradation
proper as suggested earlier.

Wariishi, Valli and Gold (550) reported that a manganese peroxidase enzyme
plays an important role in fungal degradation of lignin. Lignin peroxidases were
used by Kurek and Monties (586) to oxidize a spruce lignin and by Hattori and
Shimada (625,634) to degrade a B-O-4 type lignin-carbohydrate model compound.
Jonsson, Karlsson, Lundquist and Nyman in Sweden (538) in 1990 described the
stereospecificity in enzymic and non-enzymic oxidation of B-O-4 lignin model
compounds.

Degradation of lignin and phenolic compounds by basidial fungi was studied
by Medvedeva et al. (588).
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Utilization of Lignin

Lignins in Medicine. Some lignin formulations properties make them well-
suited for certain medicinal purposes. Kraft lignins and lignosulfonates posses
certain antibiotic activity due to the presence of phenolic and carboxyl groups
Nakano et al. (599). The sorption properties of lignins open up new avenues for their
utilization in medicinal products (589).

In human nutrition, the term "dietary fiber" includes the plant polysaccharides
and lignin, which is resistant to hydrolysis by the digestive enzymes of humans (419,
611). It is known that lignified cell wall carbohydrates are well digested but the
limits of this digestion are set by lignin. (393). Trowell et al. (419) tested the effect
of lignin on digestibility in animals by regenerating blends of lignin and cellulose and
found increased digestibility in the presence of lignin.

Lignin Polymer Products. The cure behavior of lignin-containing resins
was described by Glasser and Hofmann (584) in 1993 by application of the Giltham -
TTT modeling approach. With this information it was possible to assess lignin with
regard to its ability to become an integral part of infinite networks as opposed to
being a glass-like filler. Phase-compatabilizing lignin modifications are revealed for
the incorporation of lignin into such thermoplastic polymers as polyolefins,
polyacrylics, PVC and others by Oliveira and Glasser in 1994 (599-600). The first
prototype printed circuit board (PCB) for the electronics industry was formulated by
IBM with a 50% lignin-containing epoxy resin (623). The synthesis, properties and
degradation of organo-silicon derivatives of lignin were reported by Telycheva (571).

Oliveira and Glasser in 1994 (597) described a series of star-shaped lignin
block copolymers showing extraordinary compatibility characteristics with synthetic
polymers. Thermoplastic blends of lignin and lignin-derivatives in synthetic
polymers were shown to be subject to property engineering via lignin content and
lignin modification (597-600). Monties and Chabbert (697) correlated structural
variations with physicochemical properties of certain synthetic materials containing
industrial lignins. Thermol and mechanical properties of kraft lignin urethanes were
determined by Nakano et al. (646,647)

Industrial Lignins. In 1998, about 1% of all lignin generated in paper
production worldwide was isolated and sold. Most of this material was
lignosulfonates, which are produced by Fraser Paper Inc., Georgia-Pacific Inc.,
Nippon Paper Industries Ltd, LignoTech-USA, Borregard Lignotech-Norway and
Tembec, Inc. Westvaco and Lignotech-Norway produce kraft lignins. In 1990, Lin
and Zhong (540) listed that the world production of lignin products at 138.5 million
Kg/year. In 1998, Gargulak and Lebo (661) reviewed the current uses of industrial
lignins and reported on new and unique possible uses. Total sales in 1980 and 1996
were reported to be about $180 and $600 million, respectively.

There are numerous uses for lignin products including binders for animal feed
pellets, bricks, ceramics, and road dust, dispersants for oil well drilling products,
dyestuffs, pesticides, carbon black, concrete, gypsum, etc., water treatment additives,
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and battery expanders. Utilization and markets for lignins have often been discussed.
Terent'ev (549) reviewed the utilization of lignins in Russia.

In 1998 Fraser Paper Inc (formerly Flambeau Paper Co) in Park Falls, WI,
USA produced 170 tons/day of lignosulfonate solids from birch wood. Sales of
calcium lignosulfonates from this site began 1965. Xylose is recovered from the
lignosulfonates for the production of xylitol. (McColloch, I., Frazer Paper, personal
communication, 1998).

Georgia-Pacific Inc. sold over 220,000 tons of lignosulfonates and 5,000,000
gallons of ethanol in 1998. The majority of products were fermented calcium and
sodium lignosulfonates along with a large variety of modified specialty products.

LignoTech USA, with its manufacturing facilities in Rothschild, WI
continued to produce and sell a variety of lignosulfonate products. Its parent
company, Borregaard LignoTech of Norway which belongs to the publicly traded
company Orkla group, has eight production plants in Europe and in the USA with
customers in more than 70 countries. Vanillin from lignosulfonate is produced in
Norway and this is apparently the only lignin-vanillin plant still operation in the
world. SAPPI of South Africa and Borregaard of Norway have agreed to produce
large amounts of hardwood lignosulfonate products in South Africa (Aarusrud, W.,
Lignotech-Sweden and (Rasmussen, G., Lignotech-USA personal communication,
1998).

Established in 1993 by merger of Jujo Paper Co (founded 1949) and Sanyo-
Kokasaku Pulp, Nippon Paper Industries Ltd. markets wood chemicals through its
Chemical Products Division. Several products are marketed including
lignosulfonates (San X, Vanilex, Pearlex, Sanflo) and also ribonucleic acid (Sanyo
RNA) and yeast (Sanyo Yeast) from wood sugars in the lignosulfonates. Vanillin
was also produced from lignosulfonates but production terminated in 1994.
(Machihara, A., Nippon Paper, Tokyo, personal communication, 1998.)

Tembec of Canada sells about 75,000 tons/yearr (50% basis) of liquid and
powdered NH3SSL as well as some NaSSL products. Ethanol (18 million liters/year)
is produced from SSL sugars. (Benson, R., Tembec Paper, Quebec, personal
communication, 1998).

In 1998, the polychemicals division of Westvaco marketed a variety of
specialty lignin chemicals produced from kraft black liquor. These products find
uses in the following fields: dyes and pigment chemicals, mineral technology,
asphalt, agricultural, lead storage batteries and phenolic resins (Hintz, H., Westvaco,
personal communication, 1998).

The Repap Company in Valley Forge, PA operated an ethanol pulping plant
that produced Alcell ethanol lignins until operations were terminated in 1998 because
of financial difficulties.  These lignins competed in the same markets as
lignosulfonates and kraft lignins. (Hergert, H., consultant, personal communication,
1998).

Books. Since 1990, important books have continued to appear including Nakano,
Chemistry of Lignin, 1990 (541); Faix and Meier, Proceedings of the 1st EWLP
Utilization and Ayalyses of Lignin, 1990 (533); Lewis and Goldstein, Wood Structure
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and Composition, 1991 (545); Hon and Shirashi, Wood and Cellulose Chemistry,
1991 (548); Lin and Dence, Methods in Lignin Chemistry, 1992 (564); Kennedy,
Phillips and Williams, Lignocellulosics, Science, Technology, Development and Uses
1992 (561); Heitner and Scaiano, Photochemistry of Lignocellulocis Materials, 1993
(583); Zakis. Functional Analysis of Lignins and their Derivatives, 1994 (601); Hon,
Chemical Modification of Lignocellulosic Materials, 1996 (617); Higuchi,
Biochemistry and Molecular Biology of Wood, 1997 (635); Lewis and Sarkanen,
Lignin and Lignan Biosynthesis; 1998 (ACS Symposia Ser. 697) (675) and Young
and Akhtar, Environmentally Friendly Pulping Processes, 1998 (686).

Concluding Comments

Chemistry. After more than a century and a half of research, we should think of
lignins as a family of molecules for which the chemical structure is generally known.
However, many immediate problems remain to be resolved, such as the nature and
extent of chain branching and/or crosslinking, and the sequence of structural units,
etc. Differences in lignins in individual plant tissues, and certainly among the
varieties of higher plants need to be elucidated.

Biochemistry and genetic studies of biosynthesis have opened up new
opportunities for understanding of how lignins and lignans are formed, dimerize and
polymerize. The new book on Lignin and Lignan Biosynthesis, edited by N. Lewis
and S. Sarkanan, reveals many exciting advances and challenges. The several
chapters, including some by the editors themselves, contain many papers (too
numerous and extensive to review here) by such leading researchers as Atalla,
Brunow, Ericsson, Ralph Shimada, Tershima and others.

It has long been recognized that lignin cannot be isolated without change.
Thus each family of lignin calls for characterization, which uniquely depends on the
procedures, and chemical reactions used in isolation, and this diversity must be
superimposed upon that inherent in the plant and its growing environs. Much
information of this sort has already been collected and doubtless will be carefully
compiled but this task does not seem an appropriate part of this paper.

Current models and formulations of lignins are probably close to correct but
many details need to be added. The three-dimensional configuration of lignin is
particularly challenging with respect to its biosynthesis and its relation to the
architecture of cellulose and hemicellulose structures.

All these matters must be taken into account in descriptions of in vivo lignins
constructed by Nature.

Technology and Utilization. Available industrial lignins apparently now are always
byproducts, and thus the main product substantially controls their properties and
costs. The largest use of lignins is probably wood and reformed products. This is
because in construction materials, it is inexpensive, easily worked and available
throughout the world. Better technology for preserving wood via biodegradation
studies will enhance this type of utilization.
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The next largest use of wood is for production of cellulose products where
the byproduct lignins are mainly employed as a fuel to produce process steam. The
heat generated by burning effluent solids is approximately equal to that required for
evaporating and processing. Delignification, however, is not complete, and costly
and potentially polluting bleaching steps are required. What is needed is technology
for “brightening” residual lignins to produce white paper so the lignin would then be
sold at the price of paper itself.

The cost of an isolated kraft lignin, for example, might be estimated mainly
as the cost of a replacement fuel such as natural gas, oil or coal. Thus the market for
isolated lignins, such as kraft lignin, must be found in relatively high priced products,
and this seems the pathway followed by the Westvaco Company.

When the effluent solids are not burned, environmentally friendly disposal
presents a substantial problem and, indeed, significant cost. Effluent sugars may be
permeated to produce industrial ethanol. Some byproduct lignin sulfonates, usually
after modification, are sold as concrete oil well drilling mud additives and other
products by such companies as Lignotech and Georgia Pacific.

Alcohol delignification produces a cellulose product and sulfur free lignin.
However the promise of this process had been darkened by the recent closure of the
ethanol pulping trial, apparently mainly because of shortcomings in paper quality and
uncertainty in profits from the lignin which is said to have many useful and reliable
properties.

Thus, the large-scale challenge which lignins brings to technology, at least on
a short term basis, is to find methods for utilization of lignins which will bring
profits sufficiently high to make advantageous use of alternate fuels such as
exhaustible natural gas, oil and coal, now so liberally available.
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Appendix 1. Cited Contributions in a Chronological Order
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Year | Investigators Contributions Ref

1838 | Payen Discovery of lignin 1

1839 | Payen Mechanical incrustation theory of lignin 2
deposition

1839 | Reid Discovery of lignin 3

1840 | Hunter History of paper and lignin 4

1840 | Hunter History of paper and lignin 5

1840 | Plumlee History of paper and lignin 6

1853 | Watt/Burgess Proposed heating of wood with alkali under 7
pressure to accomplish delignification

1857 | Schulze Named lignin from lignum Latin word for 8
wood

1858 | Possoz Alkali fusion: first applied to lignin in wood 9

1866 | Erdmann Alkali fusion on isolated lignin yielded 10
protocatechuic acid and pyrocatechol

1866 | Tilghman Delignified wood with sulfurous acid 11
solutions. First successful chemical pulp

rocess

1867 | Payen Treated wood with hot 10% HCl yielding 12
fermentable sugars with pulp & lignin

1870 | Eaton First proposed NaOH process with sodium 13
sulfate make up

1874 | Ekman First pulp mill constructed, CaMg base sulfite | 14
pulp mill in Sweden.

1874 | Tiemann/ Isolation and structure of coniferin studied 15

Mendelsohn

1875 | Nikintin Conferin studies 16

1875 | Tiemann Conferin studies 17

1878 | Wiesner Classic color reaction: lignins /phloroglucinol | 18

1880 | Cross/Bevan Used aqueous Clp & NaOH to remove lignin | 19

1882 | Wheelwright First sulfite process in US was operated 20

1884 | Dahl Invented sulfate (kraft) process 21

1885 | Tiemann/Haarman | Conferin studies 22

1888 | Riordon Sulfite pulp first produced in Canada 23

1890 | Lange First lignin precipitated from alkaline solution | 24

1892 | Lindsey/Tollens Sulfur present as sulfonate in SSL lignin; first | 25
found sulfite liquor lactone (conidendrin)

1893 | Klason Studied sulfurous acid bound to lignin; first 26
attempted to dissolve lignin with alcohol and
mineral acids; first analyzed soda black liquor;
mainly found hydroxy acids and lactones

1897 | Klason Lignin studies 27
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Year | Investigators Contributions Ref

1898 | Klason Lignin properties similar to coniferyl alcohol | 28
polymer

1898 | Pollacsek Formed vanillin through oxidation of SSL 29
with air and ferric chloride

1904 | Grafe Alkaline hydrolysis of SSL produces vanillin | 30

1907 | Brompton Sulfate pulp first produced in North America | 31

1908 | Klason Klason lignin determined quantitatively as 32
residue from 72% H2SO4 treatment

1908 | Klason Macromolecular structure for lignin suggested. | 33

1908 | Klason First elemental analysis of lignins 34

1909 | Procter/Hirst Aromatic amines precipitates lignosulfonic 35
acids

1909 | Ruttan Wood scarification for EtOH production 36

1910 | Klason Polymeric nature of kraft lignin 37

1911 | Klason/Segerfelt Kraft black liquor lignin contains organically | 38
bound sulfur

1911 | Tomlinson Two wood scarification plants using sulfurous | 39
and sulfuric acids were established in USA

1913 | Heuser/Sieber Pulp purification using aqueous chlorine 40

1914 | Ungar | Investigated HCI lignin in Willstétter’s lab 41

1917 | Reed Oxidation of lignins yielded oxalic acid 42

1918 | Higglund Nitrated lignin 43

1918 | Tomlinson Career review 44

1919 | Heuser/ Pyrolysis of lignin yielded acetone, methanol, | 45

Skioldebrand acetic acid with 13% tar and 51% charcoal

1919 | Tomlinson Ethanol from scarification of wood 46

1920 | Dore First established that acetyl group carried by 47
xylan, not by lignin

1920 | Klason Coniferyl alcohol similarity to lignin 48

1920 | Schrader Lignin was dissolved in alkali solution with 49
02

1921 | Heuser/Winsvold | Oxalic acid formed from alkali fusion of lignin | 50

1922 | Heuser/Samuelsen | Lignin in alkaline oxidation gave 25% oxalic | 51
acid after prehydrolysis and methylation

1922 | Klason Lignin methylene groups converted to CO and | 52
COOH by H202 oxidation in neutral solution

1922 | Ritter/Fleck First found highest lignin content for early 53
wood See also Refs. 54, 55

1924 | Higglund/ Lignin +12% HCI yielded volatile aldehyde on | 56

Bjoérkman, C.B. heating
1924 | Heuser/Hermann KOH fusion of lignin yielded aromatics 57
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Year | Investigators Contributions Ref
1925 | Fierz-David/ First carried out pressure hydrogenation of 58
Hannig lignin, wood, and cellulose
1925 | Higglund Lignosulfonates are a polydisperse system of | 59
guaiacylpropane polymers; higher acidity
: equates to faster sulfonation
1925 | Krohn Investigation of baker's, fodder and nutritional | 60
yeast from sugars of sulfite waste liquor
1926 | Hawley/Wise The Chemistry of Wood, Lignin, 43-96. 61
1926 | Kiirschner Zur Chemie der Ligninkirper, 116. See also | 62
- Ref. 63
1926 | Schorger The Chemistry of Cellulose and Wood; 64
Lignins, 70-121.
1926 | Urban Methylated hydroxyl with dimethylsulfate 65
1927 | Freudenberg/ Lignin + 12%HC] yielded HCHO 66
Harder
1927 | Higglund/Johnson | Phlorglucinol trimethylether can participate in | 67
lignin modification
1927 | Herzog/Hillmer Lignin UV spectra was first reported 68
1927 | Mason Explosion process is developed for production | 69
of fiber board (Masonite) See also Ref. 70
1927 | Scholler Dilute acid saccharification of wood: Scholler- | 71
Tornesch process and lignin.
See also Refs. 72, 73
1928 | Freudenberg First chemical formulation of cellulose 74
1929 | Freudenberg/ Isolated lignin by boiling with dilute H2SO4 | 75
Zocher/Diirr and cuprammonium hydroxide extraction
1929 | Freudenberg/ Refractive index of Lignin of 1.61; typical of | 76
Zocher/Diirr aromatic compounds. See also Ref. 77
1929 | Freudenberg/Belz/ | Split off methoxyl groups from lignin by HI in | 78
Niemann Zeisel type method
1929 | Higglund/ Studied spectrochemical properties of isolated | 79
Klingstedt lignin from beech wood. See also Ref. 80
1929 | Rassow/Zickmann | Lignin alkali fusion gave acetic, butyric acids | 81
1929 | Schaarschmidt/ Dicarboxylic acids formed from HCIl lignin 82
Nowak/Zetzsche and NO2 suggested presence of lignin double
bonds
1930 | Campbell/Maass In sulfite pulping, hydrogen ion concentration | 83
decreased rapidly with rising temperature
1930 | Freudenberg/Diirr | Oxidation by ozone yielded 1-2% acetic acid _ | 84
1930 | Holmberg Mercaptolysis; Thioglycolic acid with o~ 85
alkoxy function of lignin to give thioglycolic
acid lignin
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Year | Investigators Contributions Ref

1931 | Freudenberg Lignin appeared to be weakly oriented or an 86
amorphous substance, no melting point,
decomposed & carbonized on heating

1931 | Higglund/Nihlén Pulping with high bisulfite ions gives highly 87
sulfonated lignin. See also Ref. 88

1931 | Howard Howard process: sugar free calcium 89
lignosulfonates precipitated from SSL by CaO.
See also Refs. 90, 91

1932 | Kullgren/H4gglund | Presence of acetal groups was detected in 92

: lignin. See also Ref. 93
1932 | Stamm/Semb/ Lignin may be of alicyclic nature 94
Harris

1933 | Erdtman Lignin formed by enzyme dehydrogenation of | 95
phenolic o, B-unsaturated C4C3 progenitors of
coniferyl alcohol type. See also Refs. 96, 97,
98, 99

1933 | Freudenberg Tannin, Cellulose, Lignin (in German); first 100
postulated the existence of y-0-4 linkage
without any experimental support

1933 | Freudenberg/Sohns | Nitrated lignin in alkaline solution was 101

Duerr/Niemann optically inactive

1933 | Hagglund/Carlson | Sulfonation of lignin yielded one new 102
sulfonate & one new phenolic hydroxyl group

1933 | Kullgren High temperature behavior of lignosulfonic 103
acid in water and alcohol. See also Refs. 104,
105, 106, 107, 108 and 109

1933 | Reidel Synthesis of vanillin from guaiacol 110

1934 | Hilpert/Littmann No fundamental differences between lignins & | 111
carbohydrates in straw & beech. See also
Ref. 112

1934 | Pauly First dissolved lignin of wood or straw with 113
boiling 85% acetic or formic acid with small
addition of sulfuric or hydrochloric acid. See
also Ref. 114

1934 | Phillips Summarized early lignin biodegradation 115
studies

1935 | Asplund Asplund process: wood chips were 116
disintegrated to fiber in the presence of steam
at 160 to 180°C

1935 | Brauns/Hibbert Introduced alkoxyl groups into lignin 117

1935 | Holmberg First sulfonation of carbinol groups by sulfite | 118
and thioglycolic acid; lignin sulfonation
proceeds via benzyl alcohol or ether positions

In Lignin: Historical, Biological, and Materials Perspectives; Glasser, W., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.




Downloaded by 89.163.35.42 on June 8, 2012 | http://pubs.acs.org
Publication Date: November 30, 1999 | doi: 10.1021/bk-2000-0742.ch001

1

Year | Investigators Contributions Ref
1935 | King/Brauns/ Organosolv lignins prepared by methanolysis | 119
Hibbert and ethanolysis
1935 | Thomas/Hewitt X-ray patterns indicate lignin is amorphous 120
1935 | VanBeckum/Ritter | Holocellulose purified by aqueous Cl,/NaOH | 121
1935 | Wilcoxon Tomlinson alkaline pulping chemical and heat | 122
recovery furnace using water cooled walls
1936 | Bailey Isolated middle lamella by microdissection, 123
possessed high concentration of lignin
1936 | Erdtman First isolated pinoresinol B-B from SSL 124
1936 | Freudenberg/ KMnO, oxidation, following alkaline 125
Janson/Knopf/Haag | hydrolysis or directly, & methylation, yielded
aromatic acids
1936 | Holmberg Lignin benzyl groups sensitive to solvolysis. 126
Lignin thioglycolic and lignosulfonic acids are
similar. See also Ref, 127
1936 | Howard Howard process: sugar free calcium 128
lignosulfonates commercialized :
1936 | Loughborough/ Early determination of M. See also Ref. 130 | 129
Stamm
1936 | Nikitin/Orlova Extracted lignin with dilute acidic dioxane 131
1936 | Phillips Biodegradation of lignins was summarized 132
1936 | Sanborn/Salverson/ | Vanillin produced from calcium 133
Howard lignosulfonates precipitated from SSL by CaO
1936 | Tomlinson II/ Alkaline oxidation of SSL yielded 6-9% 134
Hibbert vanillin
1937 | Freudenberg/ First detected phenyl cowman B-5 linkagesin | 135
Meister/Flickinger | lignin
1937 | Haworth Diarylbutanes or phenyinaphthalenes 136
designated lignans
1937 | Maass/Calhoun/ In sulfite pulping, delignification rate is 137
Yorston approximately proportional to the amounts of
undissolved lignin. See also Ref. 138, 139
1937 | Olson/Peterson/ Lignin protects wood from the destructive 140
Scherard action of microorganisms
1937 | Tomlinson I Mg sulfite pulping process with chemical 141
recovery system was described
1937 | Tomlinson I/ Commercial oxidation of SSL in NaOH to 142
Hibbert yield vanillin at 800 Ibs/day
1938 | Freudenberg/Engler | Permanganate oxidation of lignin indicated the | 143
f{‘lliitl:]kkinger/Sobek/ presence of 5-5 and B-5 linkages
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Year | Investigators Contributions Ref
1938 | Freudenberg/ Ether linkages cleaved in alkali 144
Muller
1938 | Harris/Adkins Hydrogenolysis of methanol lignin in 145
dioxane/Cu- chromite yielded mono
cyclohexyl alcohols
1939 | Brauns Isolated, methylated native lignin/Brauns 146
lignin. See also Ref. 147
1939 | Cramer/Hunter/ Ethanolysis of spruce wood 148
Hibbert
1939 | Freudenberg First reported 20 +% vanillin by alkaline 149
nitrobenzene oxidation of spruce lignin
1939 | Tomlinson/ Patented a chemical recovery furnace for kraft | 150
Wilcoxson pulp mills
1940 | Anon Sulfite Waste Liquors. An Annotated 151
Bibliography
1940 | Freudenber/Lautsch | Alkali nitrobenzene oxidation of softwood 152
Engler lignin gave 25% vanillin and other aromatic
fragments
1940 | Freudenberg/Neish | Supported Erdmann’s polymerization 153
mechanism
1940 | Glading Attributed characteristic absorption spectrum | 154
of lignin to the presence of flavon and
flavanone rings
1940 | Lautsch/ Air oxidation of SSL with metal oxide gave 155
Plankenhorn/Klink | about 10% vanillin
1940 | Schultz Nitrobenzene oxidation of lignins or SSL gave | 156
about 20% of aromatic aldehydes
1940 | Tomlinson Developed magnifite process See also Ref. 157
158
1941 | Cooke/McCarthy/ | Hydrogenolysis of wood in dioxane /Cu — 159
Hibbert chromite yielded mono-cyclohexyl alcohols
1941 | Creighton/ Hibbert | High yields of vanillin & syringaldehyde from | 160
McCarthy nitrobenzene oxidation of hardwood lignin
1941 | Erdtman Naturally occurring dimeric phenylpropanes 161
contain, C-C linkages between p-carbon atoms
in lignans such as pinoresinol, lariciresinol, &
conidendrin
1941 | Gralén Determination of MW by ultracenterfuge 162
1941 | Hégglund Sulfidation of thiolignin: scission took place 163
only in small number of oxygenated lignin
heterocycles, S adds to benzyl groups of lignin
1941 | Pearl/Bailey/ Desulfonation of lignosulfonic acid with lime | 164
Benson
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1941 | Tomlinson/ Molecular Cl, used in multistage bleaching of | 165
McCarthy/Hibbert | kraft pulp achieves high whiteness
1942 | Hibbert Presence of B-0-4 linkages first postulated on | 166
the basis of ethanolysis experiments;
biochemistry of lignin formation in plants
1942 | Meshitsuka/ Maule color reaction mechanism was 167
Nakano concluded for both hardwood and softwood
1942 | Pearl First CuO oxidation of lignin yielded vanillin | 168
1943 | Aulin-Erdtman Lignin spectral studies 169
1943 | Erdtman Proposed sulfonation cleaves cyclic ether 170
linkages
1943 | West/Hibbert Refluxing softwood wood flour in 2% 171
HCl/ethanol yields four guaiacyl ketones @
10% yield
1944 | Creighton/Hibbert/ | First applied nitrobenzene oxidation for 172
Gibbs characterization of lignins and wood
identification. Nitrobenzene oxidation of grass
lignins yielded p-hydroxy benzaldehyde,
vanillin & syringaldehyde
1944 | Hachihama/Nira/ | Free phenolic hydroxyl groups reported in 173
Kyokogu Lignosulfonates from UV spectra
1944 | Hibbert/Gardner | Affirmed B-O-4 linkages in lignin 174
1944 | Lange UV proof that lignin in wood is aromatic 175
1944 | McGregir/Evans/ | Hardwood ethanolysis yielded lignin 176
Hibbert oligomers; Hibbert’s ketones
1944 | Nord/Sankey Studied enzymatic isolated lignin. See also 177
Ref. 178
1944 | Tomlinson II Laminated fiberboard, Tomlinite or Arborite 179
was made from precipitated kraft lignin
1944 | Waxman Biodegradation literature is reviewed 180
1944 | Wise Waod Chemistry; Lignins; Ch. X; 272-368. 181
1945 | Faith Scholler-T process in US 182
1945 | Sharkov/Nikitin Wood saccarification in USSR. See also Ref. | 183
184
1946 | McKee Delignification of lignin by hydrotropic 185
solvents; Na-xylenesulfonate
1946 | Tomlinson Tomlinite fiberboard using kraft lignin 186
1947 | Ericsson Described Bellingham, USA plant which 187
produced 9000 gal/ day of ethanol from SSL
1947 | McCarthy Steam stripping of SO from SSL prior to 188
fermentation
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1947 | Ritchie/Purves Prepared insoluble lignin by periodate 189
oxidation of wood to dissolve carbohydrates
1947 | Samuelson/Ohgren | Lignin studies 190
1948 | Adler/Ellmer Softwood contained 2-3% coniferyl groups by | 191
phloroglucinol-HCI
1948 | Brewer/Cooke/ First time C9 units with intact guaiacyl & 192
Hibbert syringyl groups obtained by wood
hydrogenolysis
1948 | Jones First study of lignin IR spectra 193
1948 | Peniston/McCarthy | Purified lignosulfonates from SSL by counter- | 194
current dialysis
1948 | Poljak Peracetic acid oxidation of lignin in pulp 195
1948 | Schiitz/Sarten/ Maintained that lignin is an aliphatic structure. | 196
Meyer See also Ref. 197, 198
1948 | Shorygina/Kefeli Na in liquid NH3 yielded 28% mono- 199
aromatics. See also Ref. 200, 201, 202
1948 | Tomlinson Vanillin from lignosulfonates 203
1948 | Tomlinson II Tomlinite fiberboard 204
1948 | Wacek/Kratzl Aldol type structures are present in lignins 205
1949 | Aulin-Erdtman Isolated lignins are aromatic; proved by UV 206
1949 | Kilp German SSL ethanol plants and lignin uses 207
1949 | Pearl Oxidation of lignin suggested the presence of | 208
5-5 & B-5 linkages
1949 | Sohn/Lenel Heating of Pine wood in water @ 150°C for2 | 209
hours gave pH 3.6-4 solution
1950 | Cho/Lee/Nakano/ | Confirmed structural heterogenetity of lignin | 210
Meshitsuka
1950 | Freudenberg/ Compared softwood lignin with DHP by IR 211
Siebert/Heirnberger
/Kraft
1950 | Richtzenhain Estimated the amount of lignan or isolignan 212
groups to be about 5% of all lignin units
1950 | Schubert/Nord Prepared enzyme isolated lignins. See also 213
Ref. 214
1951 | Fisher/Marshall Ontario Paper Co. (Thorold) rebuilt vanillin 215
lant using CaO as alkaline source
1951 | Gottlieb/Pelczar Extensive review of lignin biodegradation 216
1951 | Higglund Chemistry of Wood; Lignins; Chapt III 217
1951 | Patterson/Keays/ Lignin content of solution estimated by UV 218
Hart/Strapp/Luner | absorption
1952 | Adler/Lindgren/ Mechanism of formation of Hibbert’s ketones | 219
Saeden & guaiacol from ethanolysis of B-ether
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Year | Investigators Contributions Ref

1952 | Aulin-Erdtmann Lignin UV Agj method showed phenolic 220
hydroxyl and other characteristics

1952 | Brauns The Chemistry of Lignin, 808. 221

1952 | Edling Calculated sulfite and kraft heat with chemical { 222
recovery. Heat generated approx. equals
process heat required for producing
unbleached pulp. See also refs. 223, 224

1952 | Freudenberg, et. al. | Occurrence of a cell wall-bound B-glucosidase | 225
in the lignifying tissue. See also Ref. 226

1952 | Freudenberg/ Isolation of dilignols from dehydiogenation of | 227

_ | Hiibner coniferyl alcohol in vitro: -5

1952 | Kawamura/Higuchi | LCC found in dioxane lignin from bark 228

1952 | Kratzl/Silbernagel | Heating softwood in water decreased vanillin | 229
yield

1952 | Leopold Reported p-hydroxyl phenyl structural units by | 230
nitrobenzene oxidation of softwoods

1952 | Pearl/Dickey Found evidence for a- o linkages in lignins 231

1952 | Scheurch Solvent solubility of lignins; Hildebrand 232
parameter

1952 | Sillen/ Anderson | Calculated sulfite recovery furnace gases & 233

' solids composition by thermodynamic
methods
1953 | Flory Principles of Polymer Chemistry 234
1953 | Freudenberg/ First identified B-p linkage in pinoresinol by  { 236
Rasenak enzymatic dehydrogenation of coniferyl
alcohol
1953 | Freudenberg/ Proof of incorporation of coniferyl alcohol into | 236
Bitters lignin with radioactive precursors, D-coniferin
1953 | Freudenberg/ Isolation of dilignols: B-B (syringaresinol) 237
Dietrich

1953 | Higglund/Liungren | First measured exceptionally low methoxyl 238
content of spruce compression wood lignins

1953 | Hergert / Kurth Carbonyl groups in lignins estimated by IR 239

1953 | Monsanto Established vanillin plant (Seattle) using SSL | 240

Chemical Inc. in alkaline solution with Cu-catalyst A

1954 | Felicetta/McCarthy | Cations in SSL can be base exchanged using | 241
ion exchange resins (Dowex)

1954 | Gierer Total benzy! alcohol & noncyclic benzyl ethers | 242
in softwood MWL is about 0.43 unit’‘OCH3 by
acidic MeOH methylation

1954 | Goldschmid Measured lignin phenolic OH by UV Agj 243
method
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1954 | Lange Cell walls lignins are aromatic, by UV 244
1954 | McCarthy Industrial fermentation of SSL to EtOH 245
1954 | Unterkofler Industrial Fermentations 246
1954 | Wiley Food and fodder yeast produced from SSL in | 247
Germany by Waldhof-Standard process and in
US by SPM process in Rhinelander, W1
1955 | Adler/Gierer In MWL, a-O-H plus a-0-4 groups are about | 248
0.43/0CH3 not including cyclic ethers;
noncyclic benzyl ethers are about 0.24/0CH3
1955 | Adler/Hernestam | 30% free phenolic groups in gymnosperms 249
1955 | Brown/Neish "C labeled tracer & enzyme studies revealed | 250
formation of coniferyl alcohol type substances
in cambial sap. Shikimic acid pathway in
lignin biosynthesis
1955 | Freudenberg/ Coniferyl alcohol is the precursor of ligninin | 251
Eisenhut biosynthesis
1955 | Gardon/Mason Lignosulfonates behave as polyelectrolytes 252
1955 | Keilen Kraft lignins modified to change properties: 253
solubility, solution viscosity, polyelectrolyte,
1955 | Pew Proposed the 5-5 linkage in lignin 254
1955 | Smith Brauns bagasse lignin contained 11% p- 255
coumaric, small amounts of ferulic, p-hydroxy
benzoic, vanillic, & syringic acids
1955 | Williams/Laudel/ | Mechanical deformation of polymers 256
Ferry
1956 | Bjorkman, A. Developed method for preparation of MWL. 257
After extensive milling in a non swelling
solvent, half or more of softwood lignin is
extracted by dioxane
1956 | Freudenberg Zulauf and Zutropf DHP synthetic lignin 258
Freudenberg DHP
1956 | Nikitin/Akim Pioneered use of oxygen-alkali for 259
delignification and improved bleaching
1956 | Siegel Cellulose surface enhance the oxidative 260
polymerization of eugenol
1957 | A. Bjorkman/ Properties of MWL from softwoods & 261
Person hardwoods
1957 | Adler/Pepper/ Acid hydrolysis of MWL liberates about 0.3 262
Erikson phenolic OH/OCH3 which was nearly equal to
number of terminal C -methyl groups
characteristic of side-chains in Hibbert’s
ketones; 1/3-1/4 all guaiacyl groups in lignin
joined by B-O-4 linkages.
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1957 | Bjérkman Lignin carbohydrate complex from MWL 263
1957 | Felicetta/ PMR program at the University of Washington | 264
McCarthy
1957 | Felicetta/ SSL My, in acidic hydrolysis 265
McCarthy
1957 | Higglund/Enkvist | Addition of sodium sulfide to kraft black 266
liquor, pyrolysis yielded dimethylsulfoxide &
dimethylmercaptan
1957 | Higuchi Biochemical studies of lignin formation 267
1957 | Kratzl/Billek/ Demonstrated the formation of radioactive 268
Klein/Buchtela Hibbert’s ketones from lignin synthesized in
spruce fed with 'C labeled coniferin
1957 | Merewether Reviewed early ideas about LCC 269
1957 | Nokihara/Tuttle/ Incremental acid sulfite delignification showed | 270
Felicetta/ for hemlock, My, initially 2,000, progressively
McCarthy to 12,000. For maple, My, initially 1500, to
2000
1957 | Schlesinger Reduction of ethylferulate by LiAlH4 to 271
coniferyl alcohol
1957 | Tischenko Condensation of lignin similar to phenol- 272
: formaldehyde resins. See also Ref. 273
1957 | Vroom H factor to express delignification time- 274
temperature effects
1958 | Aulin-Erdtman/ Detected 0.05/0CH3 biphenyl structures in 275
Haghom lignin by UV Agj studies on Brauns lignin.
1958 | Higglund/Richm Wood saccharification by Rheinau process 276
1958 | Papadakis lignosulfonates & sulfonated kraft lignin are 277
useful as grinding aids in cements &
dispersing aids in concrete
1959 | Adler/Delin/ MWL contains about 0.08 phenylcoumaran 278
Lundquist structures / OCH3
1959 | Felicetta/Lung/ Reported substantial separation of SSL sugars | 279
McCarthy from lignosulfonates by ion exchange
chromatography
1959 | Freudenberg Biochemistry of Wood 280
1959 | Goheen/Hearon/ Crown-Zellerbach Co built a ten million lbs/yr | 281
Cisney/Wethern plant to make dimethylsulfide from kraft
lignin at Bogalusa, LA
1959 | Tischenko Reported evidence favoring the aromatic 282
structure of lignin by ozonation studies
1959 | Watson SSL hexose sugars fermented by Georgia- 283
Pacific West at Bellingham WA, to yield
industrial ethanol and purified lignosulfonates
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1960 | Acerbo/Schubert/ | Introduced [l-mC] glucose and [6-" 4C] 284
Nord glucose into spruce phenyl propane units
1960 | Brauns/Brauns The Chemistry of Lignin, 804. 285
1960 - | Hergert IR spectra of lignin and related compounds 286
1960 | King/ Chrome and ferrous derivatives of 287
Adolphason lignosulfonates work well as additives to oil
well drilling muds
1960 | Kratzl/Faigle Introduced [1-'*C] glucose into spruce phenyl | 288
propane units. See also Ref, 289
1960 | Rex Free radicals in softwood lignin via EPR; 290
paramagnetism in dioxane acidolysis lignins
1960 | Rezanowich/ Lignin macromolecule in solution behaves like | 291
Goring a compact spherical microgel
1960 | Sarkanen/Dence Reviewed cleavage of alkyl aryl ether linkages | 292
1961 | Adler/Lundquist | 6-6 & p-aromatic bonds are present in 45% of | 293
condensed lignins; uncondensed phenyl unit in
softwood MWL contained 0.15-0.18
unit’OCH3
1961 | Adler/Marton Proposed total allocation of CO in lignins; 294
: Studied groups in lignins
1961 | Enkvist Kraft black liquor contains small quantities of | 295
vanillin, guaiacol, acetoguaiacone, vanillic
acid, p-hydroxybenzoic acid
1961 | Freudenberg/ 5-, 6- or 2-deuterium labeled coniferyl alcohol | 296
Jovanovic/
Topfmeier
1961 | Freudenberg/Sidhu | Structural scheme of spruce lignin 297
1961 | Gierer / Kunze Formation of epoxide involved in the cleavage | 298
of B-O-4 alkyl-aryl ethers
1961 | Sakakibara/ 40-60% of softwood lignin was dissolved by | 299
Nakayama heating wood powder at 180°C in dioxane-
water to yield mono and dilignols
1962 | Ashorn/Enkvist Heating kraft black liquor with sulfur gave 300
moderate yields of phenyl derivatives and
dimethylsulfide etc.
1962 | Chen First detected biphenyl 5-1, 5-6, 6-6 linkages | 301
in permanganate oxidation products. The
structure of tetralin (cyclolignan) bearing B-f
and a-6 linkages was postulated as a precursor
1962 | Chirkin/ Detected a-1, o.-5, a-6 linkages in alkaline 302
Tishchenko pulping
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1962 | Chudakov Industrial Use of Lignin 303
1962 | Freudenberg/Nimz | Isolation of trilignols from dehydrogenation of | 304
coniferyl alcohol in vitro: B-0-4/B-B
1962 | Gierer/Norén NaOH reactions: benzyl ether & B-O-4 305
cleavage Simultaneous removal of aryl -ether
substituent as phenoxide ion
1962 | Jensen/Fremer/ Characterization of high & low molecular 306
Forss weight lignosulfonates fractions
1962 | Nikitin Chemistry of Wood and Cellulose 307
1962 | Pearson/Ericsson Characterization of lignosulfonates 308
McCarthy
1962 | Pew Bipheny! group in lignin 309
1962 | Sakakibara/ Heating wood powder in dioxane/water gave | 310
Nakayama more soluble lignols in hardwoods than
softwoods
1962 | Tischenko/ Elementary S is predominant in thiolignins 31
Zhigalov
1963 | Browning The Chemistry of Wood; Chapt. 6; 249-311. 312
1963 | Freudenberg/ Evidence for the occurrence of p- 313
Harkin glucohydroxycinnamyl alcohols in the
cambium of spruce and other conifers
1963 | Freudenberg/ Proof of incorporation of phenylalanine into 314
Lehman lignin
1963 | Freudenberg/ Coniferyl alcohol labeled at carbon atoms o, B | 315
Lehman ory
1963 | Freudenberg/ 6- or 2-deuterium labeled coniferyl alcohol 316
Jovanovic/
Topfmeier
1963 | Freudenberg/Jones/ | Coniferyl alcohol 317
Renner
1963 | Goring Glass transition temperature in lignin 318
markedly changed by sorption of water
1963 | Nimz Isolation of B-5/B-5 319
1963 | Yashchenko/ Suggested lignin’s use for soil consolidation 320
Sharkov
1964 | Enkvist/Turunen | Lignin cleavage in NaOH-NaSH melts 321
1964 | Freudenberg Worked on structural model for spruce lignin | 322
1964 | Freudenberg/Shidu | Spruce lignin formulation 323
1964 | Gierer/Lenz/ Norén | NaOH solution cleavage of p-O-4 linkages 324
Soderberg may occur in model substances if there is
adjacent hydroxyl or carbonyl group in a- or y-
carbon of the propanoid side-chain
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1964 | Gierer/Smedman Sulfidolytic cleavage of B-aryl ether bonds 325
take place during kraft delignification
1964 | Ludwig/Nist/ High resolution "H-NMR of model 326
McCarthy compounds. Chemical shifts reported.
Functional groups evaluated. Suggested the
presence of hydrogen bonding in lignins
1964 | Lundquist Mono and dilignols isolated by acidolysis of | 327
softwood MWL
1964 | Marton Kraft lignin 328
1964 | Oshima/Maeda/ Naguchi process: SSL lignins heated to 400°C | 329
Kashima in phenolic solvent yielding 20% monomeric
phenols
1965 | Bergins Kappa number of pulp 330
1965 | Berlyn/Mark More than half the lignin in wood is located in | 331
the secondary wall
1965 | Dubsy/ SSL sugars separated by preparation of an 332
McElhinney/ Wiley | acetonal derivative soluble in acetone leaving
partially purified insoluble lignosulfonates
1965 | Forss/Fremer Proposed lignin structure with a repeating unit | 333
of 16 guaiacylpropane & 2 p-hydroxy phenyl
propane units. Proposed existence of
hemilignins which are different in origin than
polymeric lignin
1965 | Freudenberg The constitution and formation of lignin from | 334
p- hydroxycinnamyl alcohols
1965 | Freudenberg/Chen/ | First isolated B-5 linkage dehydrodiconiferyl | 335
Harkin/Nimz/ alcohol by 0.5% HCl-methanolic treatment of
Renner spruce wood
1965 | Hillis/Isoi Biosynthesis of polyphenols in eucalyptus 336
1965 | Nimz Several oligolignols were isolated by water 337
hydrolysis of softwood powder at 100°C
1965 | Nimz/Gaber Isolated syringaresinol from mild hydrolysis of | 338
hardwood lignin indicating B-P linkage
1965 | Rydholm Pulping Processes, Wood Chemistry, 339
Chemical Pulping. See also Ref. 340
1965 | Sapotnitsky The use of sulfite liquors, 3" “ ed. 1981 341
1965 | Sarkanen/Suzuki Peracetic acid oxidation of softwood lignin 342
cleaves rings yielding dicarboxyl functions
1965 | Schubert Lignin Biochemistry, 196J; 131. 343
1965 | Timell Lignin in compression wood may be 34-41% | 344
higher than normal wood
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1966 | Adler/Lundquist/ | Identified stilbene (o, B-diphenylethylene 345
Miksche skeleton) in the acidolysis of spruce MWL, &

traced its genesis to be B-1 lignol
1966 | Coté/Simon/ Chemical composition of wood and bark from | 346
Timell normal and compression region of fifteen
. species of softwoods
1966 | Hrutfiord/ Estimated condensed/ uncondensed units in 347
McCarthy lignin by hydrogenolysis
1966 | Marton Lignin, Structure and Reactions 348
1966 | Nimz First experimentally detected a-O-4 type 349
linkage showing that neutral warm water
solutions alone hydrolyzed certain sensitive
lignin bonds; possibly a-O-4
1966 | Nimz First isolated B-1 lignol structures, 350
diarylpropanediols from spruce & beech
protolignins by mild hydrolysis
1966 | Nimz B-0-4 and B-1 indicated by degradation of 351
spruce lignin to oligomers
1966 | Sewalt/Glasser et al | Lignin impact on fiber degradation: model 352
study
1967 | Browning Methods of Wood Chemistry; 1 & 2 353
1967 | Freudenberg/ Permanganate oxidation of lignin yields 354
Chen evidence for B-6, -2, 4-O-5, and 1-O-4
linkages.
1967 | Kleinert Stable free radicals demonstrated in lignins 355
1967 | Nimz Glycerol side—chains exist in hydrolysis of 356
both softwood and hardwood lignins. NMR
study of lignols; structure determined for
several similar lignols and other oligolignols.

1967 | Pearl The Chemistry of Lignin; 339. 357
1967 | Procter/Yean/ Topochemistry of delignification in pulping: 358
Goring secondary wall delignified faster than middle

lamella
1967 | Rinaudo/Pla Studied fractionation of lignin polymers by gel | 359
filtration
1967 | Sarkanen/Chang/ | Hardwood lignin UV absorbtivity vs OCH3 360
Allan ave linear relationship at 280 nm
1967 | Schubert/Andrus Crystalline lignosulfonates monomers isolated | 361
Ludwig/Glennie/ and characterized
McCarthy

In Lignin: Historical, Biological, and Materials Perspectives; Glasser, W., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Downloaded by 89.163.35.42 on June 8, 2012 | http://pubs.acs.org
Publication Date: November 30, 1999 | doi: 10.1021/bk-2000-0742.ch001

82

Year | Investigators Contributions Ref
1968 | Freudenberg/Neish | Constitution and Biosynthesis of Lignin; 129. | 362
Proposed model structure for spruce lignin;
biosynthesis of lignins from coniferyl alcohol
type monomers; bonding between lignin and
wood carbohydrates
1968 | Kiryushina/ Lignin and wood carbohydrate bonds 363
Tischenko
1968 | Lenz "H NMR characterization of lignins 364
1968 | Szabo/Goring Reversing Flory’s theory of trifunctional 365
: polymerization and applying to a random three
dimensional gel such as lignin, showed that
degradation should yield small molecules
initially and then progressively larger ones
1969 | Kringstad/Chang | Lignin-hemicellulose complexes 366
1969 | Matsukura/ Found heterogeneous distribution of structural | 367
Sakakibara units in lignins
1969 | Nimz Thioacetolysis degradation of spruce and 368
beech lignin cleaved both a- and B- aryl ether
bonds yielding 71 and 94% mono-tetrameric
lignols
1970 | Bolker/Brenner Lignin is a three dimensional gel structure 369
1969 | Fergus/Goring Measured distribution of lignin in different 370
Proctor/Scott parts of cell wall and middle lamella of
softwoods
1970 | Fergus/Goring Measured guaiacyl and syringyl propane 371
groups in different parts of cell wall and
middle lamellae of hardwoods
1970 | Gierer Chemical reactions during kraft pulping 372
1970 | Luner/Kempf Lignins form gel like monolayers at air-water | 373
interfaces
1970 | Pearl Annual Review of Lignin Chemistry, 1970- 374
1975
1970 | US Gowt. The EPA was established in the Executive 375
Manual Branch as an independent agency to permit
(1997-98) coordinated and effective Governmental action
on behalf of the environment
1971 | Dence Halogenation and nitration reactions of lignin | 376
model compounds studied
1971 | Gellerstedt/ In acid sulfite pulping, o -ether bonds cleaved | 377
Gierer to yield additional sulfonate and free phenolic
hydroxyl groups
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Year | Investigators Contributions Ref
1971 | Glennie Proposed structural formulation sketches for | 378
(1)insoluble lignin sulfonate by sulfonation at
pH 6 and 135°C; and (2) extensively
sulfonated lignin sulfonic acid
1971 | Goheen Sulfonated lignins are good dye dispersants, 379
: emulsifiers, binders, adhesives, resin additives
1971 | Goring Reviewed polymeric properties of lignins and | 380
lignin derivatives
1971 | Hergert IR absorption bands in lignins 381
1971 | Kirk Review of lignin biodegradation 382
1971 | Kiryushina/ Lignin-carbohydrate chemical bonding by 383
Tischenko ozonation
1971 | Larsson/Miksche Determination of structural units bond 384
frequency in lignin
1971 | Marton Proposed tentative structural formulation 385
sketch for segment of pine Kraft lignin
1971 | Nimz/Das Isolated o-B type compounds and 386
tetrahydrofuran dilignols involving y-O-y and
B- B linkages
1971 | Sarkanen/ Uncondensed units in lignin quantified 387
Hergert through determination of total yield of
aromatic aldehydes from nitrobenzene
oxidation of wood )
1971 | Sarkanen/Ludwig | Lignins; Occurrence, Formation, Structure 388
and Reactions
1971 | Wallis Diversity of Lignins 389
1972 | Forss/Gadd/ Pekilo process produces food and feed protein | 390
Lundell/ through continuous fermentation of SSL
Williamson carbohydrates and acetic acid by microfungus,
Paecilomyces varioti
1972 | Obiaga Softwood MWL showed M,, at 22 K with 391
Mw/M, = 2.6; Softwood DHP showed My, at
3.7, 11.1, 31.4 K M, with My/M; = 1.5, 2.2
and 3.7 respectively
1972 | Samuelson/Sjoberg | Oxygen-alkali delignification of wood 392
1972 | Smith/Goering/ Lignified cell wall carbohydrates are well 393
Gordon digested; limit of this digestion set by lignin
1973 | Erickson/Larsson | Types and frequency of structural units links in | 394
Miksche lignins
1973 | Grushnikov/Elkin | Progress and Problems in Lignin Chemistry 395
1973 | Nimz First proposed structural scheme of beech 396
lignin
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Year | Investigators Contributions Ref
1973 | Wood/Goring Distribution of lignin in spruce kraft and acid | 397
sulfite fibers
1974 | Glasser/Glasser First computer simulation (SIMREL) of lignin | 398
See also Ref. 399
1974 | Kratzl/Claus/ Reported mechanisms of molecular oxygen on | 400
Lonsky/Gratzl a model substance in alkaline solution
1974 | Lidemann/Nimz | >C-NMR studies of lignins. See also Ref. 401
402
1974 | Nimz Model structure of beech lignin; types and 403
: frequency of linkages
1974 | Nimz/Mogharab/ | DHP structure is different by Zulauf versus 404
Liidemann Zutropf procedures
1974 | Sudo/ Hydrogenolysis of lignin yielded dimer with 405
Sakakibara one Cg -Cg and trimer with two Cg -C5 links
1975 | Glasser/McCarthy/ | Studies of NMR of ligninsulfonate and model | 406
Gratzl/Collins/ substances
Forss
1975 | Goldstein Lignin studies 407
1975 | Hsu/Glasser Demonstrated technical feasibility for 408
structural polymers from carboxyl derivatives
of non-sulfonated lignins
1975 | Malinen/Sj6strom | Formation of carboxylic acids: kraft pulping 409
1975 | McGinnis/Parikh | Alkali extracted softwood bark yielded about | 410
20% lignin
1976 | Akim/Nikitin/et al. | Molecular weight distribution changes in pulps | 411
by oxygen-alkaline purification
1976 | Aoyama/ Isolation of phenylcoumaran compound from | 412
Sakakibara hydrolysis products of hardwood lignin
1976 | Forss/Fuhrmann Karatex lignin based adhesive for plywood See | 413
Passiner also Ref. 414
1976 | Glasser/Glasser Found discrepancies in properties proposed for | 415
computer-simulated lignins reported in 1974
1976 | Glasser/Glasser/ Incorporation of several hypothetical dialkyl | 416
Nimz ether bonds in proposed 1974 computer-
simulated lignin resolved reported
discrepancies
1976 | Shafizadesh/ Thermal Uses and Properties of Carbohydrates| 417
Sarkanen/Tillman | and Lignins
1976 | Shorygina/ The Chemical Reactivity of Lignin 418
Reznikov/Elkin
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Year | Investigators Contributions Ref
1976 | Trowell/Southgate/ | The nutritional term dietary fiber includes 419
Wolever/Leeds/ plant polysaccharides and lignin which are
Gassull/Jenkins resistant to hydrolysis by the digestive
enzymes of humans
1976 | Yasuda/ B-6 phenylisochroman isolated from 420
Sakakibara hydrogenolysis of compression wood
1976 | Zarubin Lignin groups are classified based on modern | 421
acid-base theory. See also Ref. 422
1977 | Adler Lignin Chemistry, Past, Present and Future. 423
: Structural model of spruce lignin proposed
1977 | Eriksson/Lindgren | Linkage between lignin and hemicelluloses 424
1977 | Ghosh/Gratzl Quinone additives in soda pulping of 425
hardwoods
1977 | Gierer/Insgard Lignin reactions with oxygen & hydrogen 426
peroxide in alkaline media
1977 | Hergert Differences between bark and xylem lignins | 427
1977 | Higuchi/Shimada/ | Showed differences in biosynthesis of 428
Tanahashi softwoods and hardwoods
1977 | Holton/Chapman Kraft pulping with anthraquinone 429
1977 | Lundquist/Olsson | "H NMR studies of lignins 430
1977 | Sakakibara/Sanyo/ | Hydrolysis of lignins with dioxane and water | 431
Endo
1978 | Nakano Chemistry of Lignin,; (in Japanese) 432
1978 | Weyerhaeuser Co. | Biological Deliginification: Present status and | 433
future directions
1979 | Glasser The structure of lignins in pulps. See also 434
Ref. 435, 436, 437
1979 | Gratzl Potential of Technical Lignins as Extenders in | 438
Phenolic Resins. Assessment of Reactive Sites
1979 | Lindstrom Colloidal behavior of kraft lignin in aqueous | 439
solution, association and gelation
1980 | Connors/Sarkanen/ | Bimodal molecular weight distribution for 440
McCarthy lignins from molecular association
1980 | Eriksson/Goring/ | Evidence for lignin carbohydrate linkages 441
Lindgreen
1980 | Glasser Lignin. In Pulp & Paper: Chemistry & 442
Technology
1980 | Gratzl/Nakano/ Chemistry of Delignification with Oxygen, 443
Singh Ozone and Peroxides
1980 | Hall First proposed that lignin biodegradation 444
proceeds via the generation of super oxide
radical anions or similarly activated oxygen
species; independent of specific enzymes;
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1980 | Kirk/Higuchi/ Lignin Biodegradation: microbiology, 445
Chang chemistry, and potential applications, 1, 242.

1980 | Kirk/Higuchi/ Lignin Biodegradation: microbiology, 446
Chang chemistry, and potential applications, 2, 255.

1980 | Sakakibara Structural model for softwood lignins 447
1980 .| Sj6strom Chemistry of oxygen delignification 448
1981 | Anon. Ekman-Days, 1* ISWPC 449
1981 | Crawford Lignin Biodegradation and Transformation 450
1981 | Detroit/Lin Structural heterogeneity of technical lignins; | 451

: effect on utilization
1981 | Gierer Attributed cleavage in kraft pulping to three 452
phases, reported degradation mechanisms for
lignin and carbohydrates
1981 | Glasser/Glasser Designed a computer model for softwood 453
lignin structure, See also Ref. 454
1981 | Glasser/Glasser/ Computer modeling: based on analytical 455
Moroshi results obtained from isolated lignins
1981 | Glasser/Saraf/ Lignin-carbohydrate bond regenerated via 456
Newman quinone methide intermediates during pulping
1981 | Hemingway Condensed tannins: base catalyzed reactions 457
1981 | Lee/Meshitsuka Hardwood MWL mainly originates from the | 458
Cho/Nakano compound middle lamella layer. Determined
by milling, sieving and sedimentation methods
1981 | Nikitin Theoretical Principles of Delignification 459
1981 | Robert/ Gagnaire First quantitative structural analysis of lignin | 460
made by ’°C NMR
1981 | Sjostrém Wood Chemistry: Fundamentals, and 461
Applications
1982 | Deschamps Chemical and biotechnological lignin uses 462
1982 | Ertel/Hedges CuO oxidation product of lignin identified by | 463
GC
1982 | Mathur/Sarkanen Characterization of SSL-phenol reactions 464
1982 | Saka/Thomas/ Compared soda, soda-AQ and kraft 465
Gratzl/Abson delignification of middle lamella vs. secondary
wall
1982 | Westermark Phenolic coupling by Ca superoxide as a 466
lignification reaction in wood
1983 | Anon. 2" ISWPC. 467
1983 | Higuchi/Chang/ Recent Advances in Lignin Biodegradation 468
Kirk Research
1983 | Kirk Research perspective on lignin biodegradation | 469
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1983 | Ovichinnikova/ Animal feed yeast production from oxygen- 470
Akim et al. alkali bleaching effluents
1983 | Tanahashi Defibration behaviors of softwoods and 471
hardwoods quite different in the explosion
process.
1984 | Boye Utilization of Lignins and Lignin Derivatives - | 472
1984 | Fengel/Wegener Wood: Chemistry, Ultra structure and 473
Reactions, Part V, Lignin; 132-181, 613.
1984 | Gellerstedt/ Studied structural changes in lignin during 474
: Lindfors kraft pulping
1984 | Glasser/Leitheiser | Hydroxypropy! lignins as fire resistant foam 475
compounds
1984 | Kuwahara/Glenn/ | First discovered Mn-peroxidase enzyme from | 476
Morgan/Gold ligninolytic cultures of Phanerochaete
chrysosporium
1984 | Muller/Kelly/ Lignin phenolic resin characterization and 477
Glasser performance
1984 | Pla/Robert Conformation of lignin in solution 478
1984 | Robert/Brunow Softwood MWL contains about 0.9 unit 479
_aliphatic and phenolic OH/ OCH by C NMR
1984 | Salmén Viscoelastic properties of lignin in wet wood; | 480
related to glass transition of the in situ lignin
1984 | Saraf/Glasser Structural properties in solution of cast 481
lignin/polyurethane films
1984 | Yan/Pla/Kondo/ Proposed delignification stages for lignin 482
Dolk/McCarthy
1985 | Allen Photochemistry of polymers 483
1985 | Anon 3" ISWPC 484
1985 | Atalla/Agarwal Raman microprobe determines lignin 485
orientation in cell walls of woody tissue
1985 | Gierer Reactions of lignins during pulping and 486
bleaching. See also Ref. 487
1985 | Gratzl Brightness stabilization in pulps 488
1985 | Higuchi Biosynthesis and Biodegradation of Wood 489
Components, 679.
1985 | Kirk/Shimada Lignin biodegradation 490
1985 | Meshitsuka/ Structural characteristics of compound middle | 491
Nakano lamella hardwood lignin
1985 | Saraf/Glasser/ Structures-property relationships in PEG 492
Wilkes/McGrath containing polyethylene networks
1986 | Gierer Chemistry of delignification, Part II. Bleaching | 493
reactions

In Lignin: Historical, Biological, and Materials Perspectives; Glasser, W., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Downloaded by 89.163.35.42 on June 8, 2012 | http://pubs.acs.org
Publication Date: November 30, 1999 | doi: 10.1021/bk-2000-0742.ch001

Year | Investigators Contributions Ref
1986 | Lewis/Luthe Identification of Forss hemilignins as mono, di | 494
and tri lignosulphonic acids
1986 | Pla/Dolk/Yan/ Characterization of alkaline and organosolv 495
McCarthy lignins from flow-through delignification of
Black Cottonwood
1986 | Rials/Glasser Effect of lignin structure on polyurethane 496
network formation
1987 | Anon. 4" ISWPC 497
1987 | Atalla Aromatic rings in lignins may be aligned 498
: ‘ preferentially tangential to secondary wall
1987 | Gratzl Pulps stabilization by non-chlorine bleaching | 499
agents
1987 | Johnsson/Nyman | Isolation of Mn(II) dependent extracellular 500
peroxidase from white-rot fungus
1987 | Kelley/Rials/ Viscoelastic properties of amorphous 501
Glasser components (lignin and non-crystalline
carbohydrates) of wet wood studied. Softening
behavior modeled following the WLF
equation. For lignin, Tg is 60-100°C
1987 | Lewis/Dubelsten/ | Discovery of enzymatic process in beech bark | 502
Eberhardt/ which converts trans-coniferyl alcohol into
Yamamoto/Towers | cis-coniferyl alcohol
1987 | Lewis/Yamamoto/ | First demonstration of °C specific labeling of | 503
Hooten/Just/ lignin in situ by administration of °C
Ohaski/Towers precursors
1987 | Ohashi/Yamamoto/ | Discovery of the final step in monolignal 504
Lewis/Towers formation
1987 | Terashima/ Lignification is controlled by the individual 505
Fukushima et al. cell
1988 | Ciemmiesti/Glasser | Polyvinyl alcohol hydroxypropyl lignin blend | 506
1988 | Forrester/Grabski/ | Mn-dependent peroxidases, and the 507
Burgess /Leatham | biodegradation of lignin
1988 | Glasser/Knudsen/ | Polyblends of ethylene-vinyl acetate 508
Chang_ copolymers with lignin
1988 | Smith/ Simulated hydrolytic depolymerization of a 509
Glasser/ lignin computer model of 10,000 structural
Glasser/Ward units: branched lignin with limited cross-
linking
1989 | Alén/Hartus/ Chemistry of bleaching 510
Sjostrom
1989 | Anon. 5" ISWPC 511
1989 | Barnett/Glasser Bleaching hyroxypropyl lignin: with H2O2 512
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1989 | Dolk/Yan/ Kinetics of delignification in flow-through 513
McCarthy reactor
1989 | Dutta/Sarkanen Kraft lignin association model 514
1989 | Elder Computational methods: chemistry of lignin | 515
1989 | Forss/Kokkonen/ | Low molecular weight glycolignin & 516
Sagfors hemilignins: extracted by heating spruce wood
in neutral buffered dioxane H,0,
1989 | Gellerstedt/ Permanganate oxidation study of birch 517
Northey suggested aryl ether linkages cleaved during
milling. Analysis yielded 30 different acids
identified by GC-MS
1989 | Glasser/Sarkanen | Lignin: Properties and Materials 518
1989 | Glasser/Sarkanen | Industrial lignin & derivatives: 519
1989 | Goring Proposed that native lignin in middle lamella | 520
is a random, three dimension polymer, in the
secondary wall a non-random two dimensional
network polymer
1989 | Hatakewyama/ High performance lignin polymers 521
Hatakeyama
1989 | Higuchi Bioprocess Engineering. 522
1989 | Kelley/Glasser/ Effect of soft-segment content on properties of | 523
Ward lignin based polyurethanes
1989 | Koshijima/Yaku Lignin-carbohydrate complex is amphoteric 524
1989 | Lange/Wagner/ Lignin network generated by computer 525
Yan/Kaler/
McCarthy
1989 | Lewis/Razul Biosynthesis and Biodegradation of Plant Cell | 526
Yamamoto/Hooten/ | Wall Polymers; Lewis, N.G.; Pai; eds. ACS
Bokelman Symp. Ser. 389: 1989, 169-181.
1989 | Lindberg/Levon/ Described specialty polymers from lignin 527
Kuusela '
1989 | Loran/Wu/Pye/ Production, properties of Alcell lignin from 528
Balatinecz ethanol pulping described
1989 | Mork/Kringstad Kraft lignin elastomeric polyurethanes 529
1989 | Narayan/Chum/ Engineering lignin polystyrene ) 530
Stacy/Ratcliff
1989 | Robert/Bardet/ First NMR study of a large number of 531
Von Unge/ diastereo-isometic forms of B-O-4 dimers
Lundquist
1990 | Detroit Nitric acid oxidized lignosulfonates with 532
enhanced solubility and dispersant/surfactant
properties
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1990 | Faix/Meier Proceedings of I°* (EWLP). Utilization and 533
Analysis of Lignins; 400
1990 | Gierer Bleaching reactions divided into cationic, 534

anionic and radical reactions
1990 | Glasser/Hoffman | Application of Gillham’s modeling technique | 535
to lignin containing resins
1990 | Higuchi Lignin biochemistry: biosynthesis and 536
biodegradation
1990 | Johansson/ In Biotechnology in Pulp & Paper 537
Nyman/ Manufacture. Applications and Fundamental
Stoffer/Weliender | Investigations. 429-438
1990 | Jonsson/Lundquist | Stereospecificity in enzymic & non-enzymic 538
Nyman/Karlsson oxidation of B-O-4 lignin model compounds
1990 | Lewis/Yamamoto | Critical review of the lignification process 539
1990 | Lin/Zhong Physical & chemical properties of industrial 540
lignins and MWL. Uses & applications for
lignins in China and in the West
1990 | Nakano Chemistry of Lignin; (in Japanese) 541
1990 | Schoemaker Chemistry of lignin biodegradation 542
1990 | Tsutsumi/Islam/ Characterization of the products of acidic 543
Anderson/ permanganate oxidation, vs. ozonolysis of
Sarkanen lignins and model compounds
1991 | Anon 6" ISWPC 544
1991 | Chen Lignins in Wood Structure and Composition. | 545
ppl83-261
1991 | Davin/Urmezawa/ | Resolution of optical isomers of lignan model | 546
Lewis compounds by critical HPLC
1991 | Dilling Preparation of thiolignin 547
1991 | Hon/Shiraishi Wood and Cellulosic Chemistry 548
1991 | Terent’ev Lignin utilization in the USSR 549
1991 | Wariishi/Valli/ First report of fungal degradation of lignin by | 550
Gold Mn-peroxidase enzyme
1992 | Alen Thermochemical conversion of black liquor 551
organics into heavy fuel oil
1992 | Buchholz/Neal/ Certain physical properties of paucidisperse 552
McCarthy lignosulfonates were determined as a function
of MW
1992 | Evstigneyav/ Electrochemistry of lignin model 553
Shevchenko/ quinonemethides
Apushkinsky/
Semenov
1992 | Faix Lignin utilization 554
1992 | Faix Pyrolysis for characterization of lignins 555
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1992 | Gellerstedt Chemical aspects of kraft pulp bleaching 556
1992 | Gierer, et al. Reactions between oxygen derived radials and | 557
prominent lignin structures
1992 | Gravitis Fractal geometry of lignin: structure and 558
properties
1992 | Hrutfiord/Negri Toxic chlorinated dibenzofurans (DBF) and 559
dibenzodioxins (DBD), more prevalent in
DHP’s from coumaryl alcohol than from
coniferyl alcohol
1992 | Hrutfiord/Negri Proposed mechanism for formation of 560
chlorinated DBF and DBD
1992 | Kennedy/Phillips/ | Lignocellulosics Science, Technology, 561
Williams Development and Use, 865.
1992 | Koksharov/Akim Bleaching kinetics: 02; hardwood sulfite pulp | 562
1992 | Leclerc/Olson Delignification a result of chemical 563
degradation of two distinct cross-linked lignin
gel fractions (middle lamella and secondary
wall)
1992 | Lin/Dence Methods in Lignin Chemistry; 578. Also in 564
Japanese
1992 | Makarova/Deineko | Oxidation of wood by O2 in alcohols 565
1992 | Meier/Faix Pyrolysis gas chromatography- Mass 566
spectrometry
1992 | Metzger/Bicke/ First applied MALDI-MS to lignin MWL 567
Faix/Tuszynski/ yielded precise distribution of individual
Angerman/ molecular weights up to 50,000
Karas/Strupat
1992 | Qian/Islam/ Erythro/ threo ratios and molecular weights of | 568
Sarkanen/ lignins from three hardwood plants species
McCarthy
1992 | Sarkanen/Islam/ Determination of erythro/ threo ratios of 569
Anderson softwoods, hardwoods and grasses in sifu
lignins by ozonation.
1992 | Struszezyk Plastics and high performance lignin based 570
polymers
1992 | Telysheva Lignin modified with organosilicon 571
compounds
1992 | Tosik/ Increased thermal stability obtained with 572
Struszczyk modified steam explosion-lignin
1992 | Treimanis Influence of fiber structure on pulp properties | 573

In Lignin: Historical, Biological, and Materials Perspectives; Glasser, W., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Downloaded by 89.163.35.42 on June 8, 2012 | http://pubs.acs.org
Publication Date: November 30, 1999 | doi: 10.1021/bk-2000-0742.ch001

92

Year | Investigators Contributions Ref
1992 | Tuor/Wariishi/ Oxidation of phenolic aryl glycerol-B-aryl 574
Schoemaker/ ether and a- carbonyl lignin model compounds
Gold by Mn-peroxidase from Phanerochaete
chrysosporium.
1993 | Afanasiev Confirmed the polydisperse and 575
polyelectrolyte characteristics of
lignosulfonates
1993 | Akim Comparison of modern methods of sulfite pulp | 576
bleaching to Cl, and HOCL bleaching
1993 | Anon 7" ISWPC. 577
1993 | Argyropoulos *'P NMR in wood chemistry 578
1993 | Cole/Huth/Runnels | Brightness stability on high-yield pulps 579
1993 | Faix/Béttcher/ Characterization of lignocellulosics and 580
Bremer lignins using multi- variate calibration
technique for analytical pyrolysis and FTIR.
See also Ref. 581
1993 | Gierer Hydroxy radical activity in growth of white-rot | 582
fungi
1993 | Heitner/Scaiano Photochemistry of Lignocellulosic materials 583
1993 | Hofmann/Glasser | Cure behavior of lignin resin 584
1993 | Islam/Sarkanen Characterization of jute lignin by FTIR, UV, ~ | 585
'H-NMR and “C-NMR
1993 | Kurek/Monties Oxidation of spruce lignin in colloidal state by | 586
horse-radish peroxidase and lignin peroxidase
from Phanerochacte chrysosporium
1993 | Lapierre/Pollet/ Lignin molecular profiling: thioacidolysis, 587
Tollier/Chabbert/ | advantages & limitations
Monties
1993 | Medvedeva/ Oxidative destruction of lignin and phenol 588
Volchatova/ etal. | compounds by basidial fungi Phanerochaete
Sanguinca & coriolus villosus
1993 | Sjostrom Wood Chemistry: Fundamentals, and 589
Applications; 293.
1993 | Wang/Chen/ Decolorization & dechlorination of organics in | 590
__| Gratzl pulp bleach plant effluents by photo-oxidation
1993 | Wong 8-membered ring configuration in Taxol 591
1994 | Akim Review of sulfite pulp bleaching methods 592
1994 | Englewood Markets for lignosulfonates and lignins 593
1994 | Gierer/Young/ Lignin oxidation by superoxide radical 594
Reitberger
1994 | Hofmann/Glasser | Network formation in lignin based epoxy 595
resins
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1994 | Lewis/Davin Proposed evolutionary pathway to lignan and | 596
lignins in vascular plants
1994 | Oliviera/Glasser Described star-shaped lignin block copolymers | 597
of high compatibility with synthetic resins.
See also Ref. 598
1994 | Oliviera/Glasser Multiphase materials of lignin copolymers 599
with cellulose components and with styrene.
See also Ref. 600
1994 | Zakis Functional Analysis of Lignins and Their 601
: Derivatives, 94.
1995 | Anon. 8" ISWPC. 602
1995 | Bernards/Lopez/ Discovers that principle phenolic component | 603
Zajicek/Lewis of suberin is hydroxycinnamic acid.
1995 | Blanchette/Goni/ Soft-rot fungal degradation of lignin in 2700 604
Hedges/Nelson year old archeological woods
1995 | Higuchi Status of lignin biodegradation research 605
1995 | Karhunen/Brunow/ | Dibenzodioxocin, a new type of linkage in 606
Rummakko/Sipilia_| softwood lignins
1995 | Meier/Bernd/Faix | Lignins converted thermochemically to higher | 607
value compounds. See also Ref. 608
1995 | Nakano/Yamada | COOH & PhOH groups in industrial lignins | 609
1995 | Orth/Tien A Chapter on Biotechnology of Lignin 610
Degradation. Mycota II. In Genetics and
Biotechnology, 287-302
1995 | Theander/Aman/ Lignin is designated as a constituent of dietary | 611
Westerlund/ fiber with neutral sugars and uronic acid
Anderson/ residues
Petterson
1995 | Yakubova Sorption Properties of lignins and perspectives | 612
etal for their utilization in medical applications
1996 | Angelis/Fregonese/ | DHP’s investigation by MALDI Time-of- 613
Veri flight MS. DHP formation is reversible
1996 | Gellerstedt Chemical characteristics of lignin in CMP and | 614
chemical pulps; chemical modifications during
kraft and sulfite pulping
1996 | Gerischer "3% International Forum on markets for sulfur -615
free lignins
1996 | Harazono/Kondo/ | Application of ligninolytic enzymes (Mn- 616
Sakai peroxidase) to bleaching of kraft pulp
1996 | Hon Chemical Modification of Lignocellulosic 617
Materials; Chapts. 2 & 5; 20-31; 129-157
1996 | Islam/Wang/ Reviewed delignification studies in flow- 618
McCarthy through reactors
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1996 | Jurasek Fractal dimensions from computer modeled 619
lignin structures in three dimensions
1996 | Karhunen/Brunow | Synthesized dibenzodioxocin lignin model 620
structure
1996 | Richards Petrochemical industry feed stock 621
1996 | Sewalt, et al  Digestability fermented corn stover 622
1996 | Shaw/Lewis/etal | IBM made first printed circuit board and 623
printed wire-board containing 50% lignin
containing epoxy resin
1996 | Stranel/Sebok Review of structure, molecular weight range, | 624
polyelectrolyte properties, and utilization of
lignosulfonates
1996 | Tokimatsw/Miyata/ | The non-phenolic B-O-4 type LCC in erythro | 625
Ahn/Umezawa/ & threo forms oxidized by lignin peroxidase
Hittori/Shimada
1996 | VanHearden/ Discovery of nitrogen cyclic mechanism in 626
Towers/Lewis sustaining lignification
1997 | Ahvazi/ Quantitative detection of carbonyl groups in 627
Agyropoulos technical and native lignins by using ""F-NMR
1997 | Anon. 9% ISWPC 628
1997 | Anon. S. Africa makes lignosulfonate products 629
1997 | Davin/Wang/ Discovery of first protein controlling phenolic | 630
Crowell/Bedgar/ coupling
Marlin/
Sarkanen/Lewis
1997 | Fukushima/Pollet/ | Thioacidolysis dimer analyses of lignols 631
Monties/Lapierre
1997 | Gierer Chemical aspects of kraft pulping 632
1997 | Hansen/Bjérkman | Hansen solubility parameter concept was 633
examined for cell wall ultrastructure
1997 | Hattori/Shimada Degradation of B-0-4 lignin carbohydrate 634
Miyata/Tokimatsu | model compounds by lignin peroxidase
Umezawa
1997 | Higuchi Biochem. and Molecular Biol. of Wood; 362. | 635
1997 | Hori/Meshitsuka Stepwise cleavage of ether linkages by 636
trimethylsilyliodide, heterogeneity of
hardwood lignin
1997 | Kadla/Chang/ High temperature reactions of lignin and lignin | 637
Jameel/Gratzl model compounds with stabilized H2O2
1997 | Landucci DHP from p-hydroxycinnamyl alcohol and 638
metal salt oxidants
1997 | Lewis/Crowell/ Stereoselective bimolecular phenoxy radical 639
Costa/Davin coupling by o dirigent protein
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Year | Investigators Contributions Ref
1997 | Lewis/Sarkanen/ A 78-kilodalton protein has been isolated that, | 640
Martin/Bedgar/ in the presence of an oxidase or one electron
Crowell/Wang/ oxidant, effects stereoselective bimocular
Davin phenoxy radical coupling in vitro.
1997 | Li/Lundquist Synthesis of lignin model compounds B-5 641
1997 | Li/Lundquist NMR of propionate lignin derivatives 642
1997 | Liw/Gustafson/ Fluorescence microphotometry measures the | 643
Callis/McKean lignin content of single pulp fibers
1997 | Loénnberg/ Reactivity of residual lignin in pulps 644
: Lindstrém
1997 | Lundquist/ Stereochemistry of lignin structures and lignin | 645
Stomberg degradation products
1997 | Nakano/Izuta/ Thermal and mechanical properties of kraft 646
Hatakeyama et al. | black liquor polyurethanes
1997 | Nonaka/Tomita/ Synthesis of lignin/epoxy resins in aqueous 647
- | Hatano systems and their properties
1997 | Schultz/Fisher Alkaline hydrolysis of nonphenolic $-0-4 648
lignin model compounds
1997 | Sewalt/Glasser et al | Removal of enzyme hydrolysis inhibition by | 649
chemical modification of lignin and adhesives
1997 | Toffey/Glasser Cure characterization polyurethanes and 650
lignins
1997 | Venica/Chen/ Mechanism of soda-AQ delignification of 651
Gratzl hardwoods
1998 215 ACS National Meeting 652
1998 | Akim/Cordeiro/ Cork lignins appear to be relatively cross- 653
Neto linked vs. chain branching
1998 | Berthold/Lindfors/ | Degradation of guaiacyl-glycerol p-guaiacol 654
Gellerstedt
1998 | Camarero/Barrasa/ | Biopulping of wheat straw using Pleurotus 655
Pelayo/Martinez fungi and 60 day incubation time
1998 | Criss/Schultz/ Investigation of low temperature internal 656
Ingram SnAR reaction on nonphenolic p-O-4 lignin
model dimers
1998 | Faix/Meier Comparative investigations of milled wood 657
' lignins
1998 | Forss/Fremer Overall lignin structures include lower 658
molecular weight hemilignins
1998 | Fujita/Gang/Davin/ | Isolation and characterization of first genes in | 659
Lewis heartwood formation
1998 | Gandini/Guo/ Lignin-based polyesters and polyurethanes 660
Montanari/
Belgecem
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Year | Investigators Contributions Ref
1998 | Gargulak/Lebo Commercial use of lignin based materials 661
1998 | Gellerstedt Current and future bleaching technology 662
1998 | Glasser Computer program for generating lignin 663
structures
1998 | Gratzl Principal delignification mechanisms 664
1998 -| Heitner/Manley/ Light-induced free radicals in lignin 665
Wang/Ahvazi
1998 | Hergert Level-off D.P. of lignin derived from pulping | 666
1998 | Hori/Meshitsuka Structural heterogeneity of hardwood lignin 667
1998 | Hu Popko/Lung/ Transgenic aspen (Populus tremuloides) trees | 668
Kawaoka/Kao/ with severely suppressed expression of a lignin
Hideki/Stokke/ pathway gene had a ~45% reduction in lignin
Tsai/Chiang quantity and a 15% increase in cellulose
content
1998 | Jurasek Three dimensional computer model for 669
softwoods & hardwood DHP, middle lamella,
secondary wall, and kraft pulping lignins
1998 | Lapierre/Pollet Genetic engineering of poplar lignins initiated | 670
1998 | Lewis Lignin biosynthesis 671
1998 | Lewis/Davin/ Lignin and lignan biosynthesis 672
Sarkanan, S.
1998 | Lewis/Davin/ Lignin and lignan biosynthesis 673
Sarkanan, S.
1998 | Lewis et al Lignans, lignins and abnormal lignins: a 674
biochemical clarification
1998 | Lewis/Sarkanen Lignin, Lignan: Biosynthesis ACS Symp. Ser. | 675
697, in Press
1998 | Liu/Pye/ Softwood and hardwood kraft and Alcell 676
Argyropoulos dissolved and residual lignins from different
stages of the cook analyzed by 3'p NMR
1998 | Matsumoto/Ishizu | Lignin studies 677
Nakano
1998 | Matussek/Stefan Intl. Fact & Price Book; Pulp and Paper Int. | 678
1998 | Monties/ Correlations between structural variations and | 679
Chabbert/ physico-chemical properties of synthetic
Baumberger materials containing industrial lignins
1998 | Moran Biotechnology applications in the pulp and 680
paper industry
1998 | Omori/Aoyama/ Reactions of B-0-4 lignin model compounds in | 681
Sakakibara the presence of carbohydrates
1998 | Robert Lignin fractions extracted from 682
thermochemical pulps
1998 | Sarkanan, S. Template polymerization 683
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Year | Investigators Contributions Ref

1998 | Sarkanen/Li Thermoplastics with very high lignin contents | 684

1998 | Schultz/Nicholas | Lignin structure susceptibility to white-rot 685
Jungus

1998 | Young/Akhtar Environmentally Friendly Technologies for the | 686
Pulp and Paper Industry, pp. 5-67
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Appendix 2 -Research Centers and Locations

Research Center

Location

Auburn University (UA)

Auburn, USA

Bundesforschungsansalt fur Forst und Holtzwirtschaft
(BFH)

Hamburg, Germany

Centre Etude Recherche Macro. Vegetale (CERMAYV)

Grenoble, France

Centre Technique du Papier (CTP)

Grenoble, France

Commonwealth Scientific and Industrial Research
Organisation (CSIRO)

Melbourne, Australia

Ecole Frangaise de Papeterie et des Industries
Graphiques (EFPG)

Grenoble, France

Empire State Paper Research Institute (ESPRI)

Syracuse, USA

The Finnish Pulp and Paper Research Institute (KCL)

Helsinki, Finland

Georgia Pacific West Inc.

Bellingham, USA

Institute of Paper Science and Technology (IPST)

Atlanta, USA

Institute National de la Recherche Agronomique
(INRA)

Thiverval-Gringon, France

Kyoto University

Kyoto, Japan

Latvia Academy of Science (LAS)

Riga, Latvia

Ligno-Tech Inc. Rothschild, USA
McGill University Montreal, Canada
Michigan Technological University (MT) Houghton, USA

Mississippi State University (MSU)

Mississippi State, USA

Moscow State University (MSU)

Moscow, Russia

Nanjing Forestry University

Nanjing, China

National Renewable Energy Laboratory (NREL)

Golden, USA

New Mexico Tech (NMT).

Socorro, USA

Oregon State University (OSU)

Corvallis, USA

In Lignin: Historical, Biological, and Materials Perspectives; Glasser, W., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.




Downloaded by 89.163.35.42 on June 8, 2012 | http://pubs.acs.org
Publication Date: November 30, 1999 | doi: 10.1021/bk-2000-0742.ch001

99

Research Center

Location

Pulp and Paper Research Institute of Canada
(Paprican)

Montreal, Canada

Royal Institute of Technology (KTH) Stockholm, Sweden
Repap Technologies Valley Forge, USA
North Carolina State University (NCSU) Raleigh, USA

Saint Petersburg Forestry Academy

Petersburg, Russia

State University of New York, College of Syracuse, USA
Environmental Science & Forestry (ESF)

Swedish Forest Products Res. Lab. (STFI) Stockholm, Sweden
University of Aveiro Aveiro, Portugal
University of British Columbia (UBC) Vancouver, Canada
University of California-Berkeley (UCB) Berkeley, USA
University of Hamburg Hamburg, Germany
University of Minnesota (U of M) Minnesota, USA
University of Maine Orono, USA
University of Mississippi (UM) Oxford, USA
University of Tokyo, (UT) Tokyo, Japan
University of Toronto (U of T) Toronto, Canada
University of Vienna Vienna, Austria
University of Washington (UW) Seattle, USA
University of Wisconsin (UW Madison, USA

US Department of Agriculture (USDA) Madison, USA

US Forest Products Laboratory (USFPL) Madison, USA
Virginia Tech (VPI) Blacksburg, USA
Washington State University (WSU) Pullman, USA
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Chapter 2
The Nature of Lignin: A Different View

K. Forss' and K-E. Fremer?

!Stahlbergsviigen 6 D 34, 00570 Helsinki, Finland
2Tiiliigatan 19A, 00260 Helsinki, Finland

The aim of this paper is to acquaint the reader with our understanding
of the nature of coniferous lignin. However, as our view differs
radically from the generally accepted view, a complete account would
require more pages than are here available. We shall therefore limit
ourselves to a few examples, which may be of interest. A complete
version including all experimentally obtained data will be published
elsewhere.

Glycolignin and Hemilignins

Back in 1962 we reported (1) that, on elution with water through Sephadex G-25, the
lignin sulfonates produced on heating Norway spruce wood in an acid bisulfite solution
are fractionated over a broad retention volume range. In order to avoid confusion, we
shall use the designation glycolignin for the polymeric lignin, which comprises 80-85
percent of the lignins and which gives rise to both high and low molecular mass
8lycolignin sulfonates. We use the collective designation hemilignins to refer to the
low molecular mass lignins, which form 15-20 percent of total lignins in spruce wood
and give rise to a multitude of low molecular mass hemilignin sulfonates.

The division of the lignins into glycolignin and hemilignins, which, like
cellulose and the hemicelluloses, are presumably of different generic origin, is a
cornerstone in our comprehension of the nature of coniferous lignin.

We regard the observation that the hemilignins participate in neither the
polymerization nor depolymerization reactions of glycolignin as support for our belief
that the hemilignins and the glycolignin are generically different lignins. However,
among the hemilignin sulfonates is a low molecular mass fraction formed through
sulfitoiytic liberation of sulfonated guaiacylglycerol units.

By taking into account in our experimental work the difference between the
hemilignins and the glycolignin, we have reached the conclusion that glycolignin is not

100 © 2000 American Chemical Society
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a polymer of random structure but a regular polymer composed of identical repeating
units, linked to each other and to carbohydrates by dialkyl ether bonds, Figure 1.

In addition to the sulfonation, in which, in acid solution, all eight guaiacyl-
glycerol units in each repeating unit are sulfonated, glycolignin is subject to
sulfitolysis. This reaction, which gives rise to low molecular mass glycolignin sulfonic
acids, attacks, probably due to steric hindrance, only the terminal repeating units after
they have been hydrolytically split off from the fragments of the glycolignin polymer.

Sulfitolysis breaks the bonds between the C,, units of the core and the
sulfonated guaiacylglycerol units. The C,, units of the core are sulfonated and the
sulfonated guaiacylglycerol units are liberated. The consecutive liberation of
guaiacylglycerol units thus yields a homologous series of eight low molecular mass
glycolignin sulfonic acids, the smallest of which consists of the core in which the C,
atoms of the 8 C,, units are sulfonated (2).

The formation of high and low molecular mass glycolignin sulfonic acids on
heating spruce wood in an acid bisulfite solution is illustrated by the series of
chromatograms in Figure 2.

The three first chromatograms show that up to a cooking time of 4 hours, the
amounts of both high molecular mass glycolignin sulfonates A and low molecular
mass glycolignin sulfonates B increased. By this time, most of the glycolignin had
dissolved and the amount of high molecular mass glycolignin sulfonates started to
decrease owing to depolymerization, which now dominated over dissolution. However,
after a cooking time of about 11 hours, the proportion of low molecular mass
glycolignin sulfonates, as well as sulfitolysis product C, started to decrease due to
recombination with the high molecular mass glycolignin sulfonates. The figure
substantiates the view that the high molecular mass glycolignin sulfonates A and the
low molecular mass glycolignin sulfonates B are two different groups of glycolignin
sulfonates.

Many attempts have been made in the past to isolate lignin in an unaltered state
for studies of its structure. However, as this requires splitting of the lignin-carbohy-
drate bonds, it is not even theoretically possible to extract unaltered glycolignin from
wood. Lignin preparations are thus derivatives.

We have avoided the problem of the inaccessibility of unaltered lignin by
subjecting a hypothetical glycolignin formula and the rate constants of the reactions
that transform glycolignin into high molecular mass glycolignin sulfonates to computer
iteration. In this procedure the formula and the reaction rate constants were changed
stepwise until the best agreement was obtained between calculated values and the
compositions of the corresponding experimentally obtained derivatives.

The correctness of a formula that seeks to describe the constitution of
glycolignin inside the bark of the tree cannot be proved. Nevertheless the practical
value of such a formula can be determined by the degree of agreement between
calculated and experimentally determined data. We shall now, with a few examples,
describe the reactions of the repeating unit because the conclusions may be of
particular interest.
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HOGH, HOCH,

Core

H
| |
HOCH, HOCH,

Figure 1. Spruce wood glycolignin. Elemental composition H,[C,74H,5,0¢,],(0H),
after hydrolysis of its bonds with carbohydrates, R.
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Figure 2. Formation of (A) high, (B) low molecular mass glycolignin sulfonic
acids, (C) sulfitolysis product and (E) hemilignin sulfonic acids on heating Norway
spruce wood in an acid bisulfite solution.

Column: Sephadex G-50. Eluent: water.
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When sulfonation is performed with a nearly neutral bisulfite solution, only the
four free benzyl alcohol groups react, whereas in acid solution the four carbohydrate
bonds are hydrolyzed in a relatively fast reaction. An ultimate number of eight sulfo
groups are thus formed in the hydrolysis and sulfonation reactions, in which the
sulfonation is rate determining. The kinetics of the sulfonation is shown in Figure 3.

The dots describe the experimentally obtained number of sulfo groups per
repeating unit in the glycolignin sulfonate fractions, covering the molecular mass range
6 800 - 45 000 g/mol, while the curve shows the sulfonation as the predicted first-order
reaction. The coincidence shows that all glycolignin fragments composed of two or
more repeating units are sulfonated at the same rate and that they approach the same
end value of eight sulfo groups per repeating unit irrespective of their molecular mass.

Thus, the repeating unit concept enables us not only to describe the
stoichiometry and kinetics of the sulfonation reaction, it also tells us that the groups
reacting with bisulfite according to the same reaction kinetics are uniformly distributed
in all glycolignin fragments. We regard this finding as evidence of the regularity of the
glycolignin structure.

We have found that phenolic hydroxy groups titratable in non-aqueous solution
(3) are formed in a rearrangement reaction which includes all eight guaiacylglycerol
units. In this reaction the C,-O-C, bond linking each guaiacylglycerol unit to the core
is broken and a C,-C; bond and a phenolic hydroxy group are formed. The reaction
does not change the elemental composition of the repeating unit, Figure 4.

However, of the eight phenolic hydroxy groups formed, only four are titratable
in non-aqueous solution. We refer to the finding by Aulin-Erdtman (4), according to
which a large substituent, especially a non-phenolic one, in the ortho position to the
phenolic hydroxy group reduces its acidity. Here again, the experimentally obtained
results coincided with the predicted values.

After the rearrangement reaction every second phenylpropane unit in the
glycolignin sulfonates, irrespective of molecular mass, carries a titratable phenolic
hydroxy group. This finding, which we regard as further evidence of the regularity of
the glycolignin structure, seems to us incompatible with the established lignin
chemistry.

The four C-O-C, bonds in the core of each repeating unit are hydrolyzed under
acidic conditions, although more slowly than the splitting of C,-O-C, bonds.
Hydrolysis results in the formation of an ortho-ortho dihydroxy biphenyl structure but,
due to the formation of a hydrogen bond between the phenolic hydroxy groups, only
one is titratable. The finding that the reaction does not cause depolymerization is in
agreement with the view that the C;-O-C, bonds are present in the core.

It is well known that when wood is heated in an acid bisulfite solution, some
of the bisulfite is reduced to thiosulfate in a reaction in which monosaccharides are
oxidized to aldonic acids. In our experiments we found that the thiosulfate reacted with
glycolignin under formation of two sulfide bonds in each repeating unit, Figure 5.

Demethylation, which attacks an ultimate number of four methoxy groups, is
a later reaction than the formation of sulfide bonds, Figure 6.
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Figure 3. Sulfonation of glycolignin on heating spruce wood in an acid bisulfite
solution.
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Figure 4. The rearrangement reaction.
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Figure. 5. Formation of sulfide bonds.
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Figure 6. Demethylation of methoxy groups on heating spruce wood in an acid
bisulfite solution.
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In addition to demethylation, which results in the formation of four catechol
groups in units 2A", 4A', 2B' and 4B', four B-keto groups are formed, Figure 7.

The formation of the non-conjugated carbonyl group at the C; atom is revealed
by the formation of an absorption band at about 1705 cm™ (5). As carbonyl band
formation and demethylation were found to proceed at the same rate, it was concluded
that there is a correlation between demethylation and the formation of f-keto groups.

Applied to the formula in Figure 1, and taking into consideration the influence
of the end groups and residual bisulfite in the preparations, these reactions quantita-
tively describe the compositions of the high molecular mass glycolignin sulfonic acids.

Solvolytic Delignification with a Buffered Dioxane-water Mixture

To test the possible universal applicability of the formula in Figure 1, the formula was
applied to the description of the glycolignin derivatives obtained from a different set
of reactions that takes place when extracted spruce wood meal is heated at 150°C in
amixture of 40 parts per volume of dioxane and 60 parts of a buffer solution of pH 6.8
(6,7,8). Based on their solubilities, the dissolved lignins can be separated into three
fractions.

It is expedient to assign the lignins that are soluble in n-hexane and those that
are soluble in water and in a water-methanol mixture to the group of hemilignins.

While the n-hexane-soluble hemilignin fraction contained no carbohydrates,
the finding that the water-soluble lignin fractions, after removal of free carbohydrates,
yielded galactose and arabinose on hydrolysis indicates that some of the hemilignins
are linked to the arabinose and galactose side chains of arabinoglucuronoxylan and
galactoglucomannan.

Unlike both hemilignin fractions, the amount of water-insoluble glycolignin,
which did not contain carbohydrates, increased continuously and amounted after 48
hours of heating to 30 percent of the glycolignin in the spruce wood.

The molecular mass distributions of the glycolignin fractions revealed that the
glycolignin fragment composed of a single repeating unit has the greatest solubility in
the dioxane-buffer mixture. Furthermore, as the molecular mass distribution remained
virtually constant, at least up to a heating time of 48 hours, it is obvious that the
repeating unit is not degraded when wood is subjected to the reaction conditions
employed.

The elemental compositions and the methoxy group contents determined by
analysis of the eight glycolignin fractions obtained on heating wood meal for between
0.5 and 48 hours were found to agree with the corresponding calculated values
obtained by subjecting the glycolignin, Figure 1 (n = 1), to the splitting off of an
ultimate number of 16 molecules of water, Any;,:

Anﬂzo = 16(1 - e.O.ow'r)

and to a splitting off of 4 methoxy groups, Any.q:
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Anyo = 4(1 - 99°T)
where T is the heating time in hours at 150°C.

Also on heating wood in the dioxane-buffer mixture, glycolignin is transformed
by a reaction that leads to the formation of keto groups, as characterized by the
formation of an absorption band near 1700 cm™. It was found that the formation of
keto groups is related to the demethylation of the four methoxy groups and to the
splitting off of the 16 molecules of water.

The NMR spectrum of each acetylated glycolignin fraction was divided into
ranges A - G, of which range D was assigned to the hydrogen atoms of the methoxy
groups, Figure 8.

The number of hydrogen atoms in methoxy groups, expressed as a percentage
of the total number of hydrogen atoms, equals area D as a percentage of the total area,
as shown by the upper expression in Figure 9.

However, the percentage of hydrogen atoms present in the methoxy groups is
also given by the lower expression, where 3(16 - Any,,) equals the number of
hydrogen atoms present in methoxy groups. 198 is the original number of hydrogen
atoms according to Figure 1, (n = 1). 2Any, is the number of hydrogen atoms lost
through demethylation of the ultimate number of four methoxy groups and 2Any,, the
number of hydrogen atoms lost through the splitting off of the ultimate number of 16
molecules of water.

The agreement between the circles, which represent data based on the NMR
spectra, and the curve, which is based on the formula and the determined contents of
carbon, hydrogen, oxygen and methoxy groups, reveals that the number of hydrogen
atoms ny corresponding to an area Q of each NMR spectrum can be calculated by
means of the following equation:

ny=3(16 - Any,)Q/D

The NMR spectra can thus be employed for a detailed quantitative description
of the reactions. We have found that glycolignin is subject to four reactions when
spruce wood meal is heated in the dioxane-buffer solution, Figure 10.

Reaction 1, which does not result in any change in elemental composition or
content of functional groups, is revealed by the finding that eight hydrogen atoms
cease producing a signal between 1.70 and 0.70 ppm and start producing an increasing
signal at the same rate between 2.80 and 2.45 ppm. The reaction was found to
correspond to the formation of three ultraviolet absorption bands with maxima at 254,
270 and 288 nm.

It is well known that biphenyl derivatives exhibit conjugation bands in this
wavelength range. The absorptivities of these bands depend on the angle between the
two aromatic rings. When the rings are co-planar the absorptivities are at a maximum.
Twisting about the bond between the rings reduces the conjugation and thus the
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Figure 7. Formation of catechol groups and B-keto groups.
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Figure 8. NMR spectrum of the acetylated glycolignin fraction obtained after
heating spruce wood in the dioxane-buffer mixture for 0.5 h at 150°C.
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absorptivities. It seems possible that Reaction 1 reflects a conformation change caused
by the cleavage of repeating unit-repeating unit bonds and/or repeating unit-carbohy-
drate bonds. As Reaction 1 influences the absorptivity at 280 nm it may also have a
practical significance.

Reaction 2 is revealed by the loss of eight aromatic hydrogen atoms and the
formation of eight phenolic hydroxy groups at the same rate. As the reaction is not
accompanied by any change in elemental composition, we believe it is analogous with
the rearrangement reaction that takes place during acid bisulfite pulping, Figure 4.

In Reaction 3, which is analogous with the demethylation reaction taking place
on extended heating of spruce wood in acid bisulfite solution, four methoxy groups in
units 2A", 4A", 2B' and 4B' are split off. In Reaction 4, the ultimate number of 16
molecules of water are split off under formation of four 1,2-cyclopentanedione
structures, Figure 11. The finding that Reaction 4, in which all aliphatic
hydroxy groups in the eight guaiacylglycerol units disappear and which transforms
glycolignin into a virtually hydrophobic polymer, emphasizes the importance of the C,
atoms of the eight guaiacylglycerol units. The rapid formation of the blocking sulfo
groups in acid bisulfite pulping prevents not only the formation of 1,2-
cyclopentanedione structures but also the recombination of glycolignin with the fiber
carbohydrates.

It has been found by many authors that monomeric, dimeric and oligomeric
reaction products are formed when wood or milled wood lignin is subjected to
ethanolysis, acidolysis, mild hydrolysis or to heating in dioxane-water. Although most
of these products were obtained in yields of only a few tenths of a percent of the total
lignin, their detection has exerted a great influence on the concept of the nature of
lignin. However, none of these compounds were formed from glycolignin in our
experiments. We thus find it difficult to avoid the question, 'Are these monomeric,
dimeric and oligomeric reaction products derivatives of hemilignins rather than of the
glycolignin polymer?' The answer to this question is in our opinion of paramount
importance for the understanding of the nature of lignin.

The Structure of Glycolignin

Although we have shown that the constitutional formula in Figure 1 can be used as a
basis for quantitative and kinetic descriptions of two different sets of glycolignin
reactions, it does not show whether the formula is sterically possible.

Due to the asymmetry of the C, and C; atoms in the 16 C,, units and to the
atropisomerism of the five biphenyl units, the formula corresponds to a theoretical
number of 2% stereoisomers. In the following, our aim is to show the number of
structures that are sterically possible.

These structures must meet a number of requirements. They must contain
acceptable bond lengths, bond angles and torsion angles. They must also meet the
requirements for van der Waals correctness, that is the structures must not imply
interaction of atoms not bonded to each other. The importance of this requirement is

In Lignin: Historical, Biological, and Materials Perspectives; Glasser, W., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: November 30, 1999 | doi: 10.1021/bk-2000-0742.ch002

Downloaded by CORNELL UNIV on June 8, 2012 | http://pubs.acs.org

112

revealed by the fact that the ten phenylpropane units forming the core of the repeating
unit are very tightly linked to each other.

The structural description must meet the steric requirements set by the reactions
of glycolignin. For example, the benzyl alcohol groups which react with bisulfite must
be sterically available to the reaction, and they must also be able to provide space for
the bulky sulfo group.

As shown by Goring and his co-workers (9), the lignin molecule should be
about 2 nm thick. In solution the shape of lignin derivatives should be between an
Einstein sphere and a non-freedraining coil.

The shape of the glycolignin polymer must allow the formation of covalent
bonds with arabinoglucuronoxylan and/or galactoglucomannan.

Last but not least, the structural formula must reflect the fact that glycolignin
preparations as well as all glycolignin degradation products are optically inactive.

To examine the different ways of linking the 10 phenylpropane units of the core
together, it is appropriate to subdivide the core, Figure 1, into the two constitutionally
identical groups A, and A, (units 1A, 2A, 3A, 4A and 1B, 2B, 3B, 4B, respectively)
and group B comprising the biphenyl unit 5A-5B.

Experiments with space filling models showed that groups A, and A, can be
described by only one structural formula, and its enantiomer, which can clearly be
linked to the biphenyl unit 5A-5B, Figure 12.

Further experiments with space filling models revealed that there is only one
core structure, and its enantiomer, that meets the requirements set:

Repeating unit RM Repeating unit SP
A, B A, A B A,
RM M RM s P SP

In Figure 13 the SP repeating unit in the center is linked, both to the left and
to the right, by alkyl ether bonds to RM repeating units. The figure thus describes the
glycolignin polymer as composed of alternating RM and SP repeating units. As there
are symmetry planes through the ether bonds between the repeating units, glycolignin
and its degradation products are optically inactive.

Bonds between Glycolignin and Hemicelluloses and between Hemicelluloses and
Hemilignins

We have pointed out that the structural description of glycolignin must include its
ability to form bonds with carbohydrates. Further modeling experiments revealed that
it is possible to form bonds (without strain) between arabinoglucuronoxylan and
glycolignin, Figure 14.

In this glycolignin segment, which is composed of four repeating units, each
of the four xylan chains is linked by an ether bond to a guaiacylglycerol unit of the
repeating units. Eight xylose units of each xylan chain correspond to four repeating
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units. The configurations of the C, and C, atoms of the guaiacylglycerol units have
little effect on the formation of these bonds. The lack of optical activity, however,
requires that the eight guaiacylglycerol units in repeating units RM and SP are
enantiomers.

The figure raises the question as to whether glycolignin and
arabinoglucuronoxylan are described as two compounds quantitatively linked to each
other. If, as reported, each ten xylose units on average carry two 4-O-methyl-«-D-
glucuronic acid groups and 1.3 a-L-arabinose groups, the molecular mass of xylan
containing 4 times 8 xylose units is 5 994, while the molecular mass of the glycolignin
tetramer is 13 186. The content of 23 percent glycolignin in spruce wood would thus
correspond to a content of 10.5 percent of arabinoglucuronoxylan linked to
glycolignin. As the content in Norway spruce wood, according to Rydholm (10), is 10
percent, it seems possible that the arabinoglucuronoxylan is quantitatively linked to
glycolignin.

We have shown that most of the hemilignins are probably monomers and
dimers and that some of the hemilignins are linked to the arabinose side chains of
arabinoglucuronoxylan and to the galactose side chains of galactoglucomannan.

According to Rydholm (10), spruce wood contains 1.9 percent galactan and 0.5
percent araban. If linked to all galactan and araban, a hemilignin dimer with a
molecular mass of 344 corresponds to 5.3 percent of the wood, or 18 percent of total
lignin. As the hemilignins amount to 15 - 20 percent of total lignin, it is possible that
a high proportion of the hemilignins are linked to the arabinose side chains of
arabinoglucuronoxylan and to the galactose side chains of galactoglucomannan, which,
together with arabinoglucuronoxylan, form nearly 100 percent of the spruce wood
hemicelluloses.

Based on the results obtained with the mechanical CPK models, more accurate
results were obtained with the aid of the "Chem-X" force field system, developed by
Chemical Design Ltd. Oxford, England (11). The work, which was performed using
a Sigmex 6268 M workstation connected to a VAX 8800 central computer at the
Institute of Chemistry, University of Helsinki, made it possible to adjust and to
optimize bond distances and bond and torsion angles, to remove non-bonded
interactions and thus to confirm that the suggested structure, 2.4 and 3.3 nm in
diameter, is sterically possible.
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Chapter 3

Monolignol Compositional Determinants in Loblolly
Pine: Aromatic Amino Acid Metabolism
and Associated Rate-Limiting Steps

Hendrik van Rensburg', Aldwin M. Anterola’, Lanfang H. Levine?, Laurence B. Davin',
and Norman G. Lewis'

'Institute of Biological Chemistry, Washington State University, Pullman, WA 99164-6340
2 Dynamic Corporation, Mail Code DYN-3, Kennedy Space Center, FL 32899

Phenylpropanoid and phenylpropanoid-acetate pathways are major
repositories of organic carbon in vascular plants, affording the related
lignins, lignans, suberins, flavonoids, coumarins, and numerous other
phenolics. Together these constitute about 30-40% of all organic plant
matter. Their formation was central to the evolutionary adaptation of
plants to land, this being achieved mainly by elaboration of complex
biochemical pathways from phenylalanine and, to a lesser extent,
tyrosine. A component of our research program is involved in
determining how monolignol formation, leading to lignins and lignans,
is controlled in terms of both the ratios and relative amounts of
monolignols formed. Thus, loblolly pine (Pinus taeda L.) cell
suspension cultures were grown under conditions which induced
formation of its monolignol precursors, p-coumaryl and coniferyl
alcohols. Increased phenylalanine availability to the cells resulted in a
steady increase in amounts of p-coumaryl alcohol relative to that of
coniferyl alcohol, until essentially equimolar levels were reached.
Monolignol precursor administration experiments and metabolite
analysis (pool sizes and end-product accumulation) revealed that there
were three operationally slower steps during monolignol formation:
these included the overall nitrogen recycling process from
phenylalanine, and the two hydroxylation steps affording p-coumarate
and caffeate, respectively. No evidence was found that cinnamyl
alcohol dehydrogenase functions in a rate-limiting capacity, in contrast
to previous assertions by others.

The successful transition by plants to a terrestrial environment, from their aquatic algal
precursors some 400-450 million years ago (), was accompanied by formation of a
large array of plant phenolic compounds. These substances serve a variety of essential
physiological functions which include: a means for structural support and
water/nutrient conduction; the formation of protective layers that minimize the effects
of changes in temperature, humidity, UV-B irradiation and encroachment by
pathogens; and generation of hydrophobic layers that prevent uncontrolled water
diffusion and sustain a high water potential for active, highly regulated, metabolism,
Indeed, all vascular plants, and hence all other dependent life forms, could not exist
without these biopolymers, and other lower molecular weight compounds. Among the
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most abundant of these phenolic derivatives are the distinct metabolic classes of
suberins (the aromatic domain thereof), flavonoids, coumarins, furanocoumarins,
stilbenes, miscellaneous phenols, condensed tannins and, of special interest for this
chapter, lignins and lignans.

Lignans are a large, structurally diverse, class of vascular plant metabolites
having a wide range of physiological functions and pharmacologically important
properties (2). Because of their pronounced biological (antimicrobial, antifungal, and
antiviral) (3-7), antioxidant (8,9), and anti-feedant (10,11)) properties, a major role of
lignans in vascular plants is to help fight against opportunistic biological pathogens
and predators. Lignans were originally classified as phenylpropanoid dimers linked
through 8-8' bonds (e.g., pinoresinol, see Scheme 1 inset) (12). However, this
definition did not take into account other coupling modes (e.g., 8—0—4' and 8-5', see
Scheme 1 inset). We have since expanded this definition to encompass all of the
various interunit linkages, and it is now also well recognized that lignans can exist in
higher molecular weight oligomeric forms. The chemistry and biochemistry of lignans
have been reviewed elsewhere (2).

Lignins constitute 20-30% by weight of all vascular plants, making them the
second most abundant organic substances on earth next to cellulose. They are
phenylpropanoid heteropolymers interlinked via different coupling modes including
by 8-0—4' (predominant), 8-5', 5-5' and 8-8' bonds. In contrast to lignans, the lignins
mainly have structural roles in plants and function as binding and encrusting materials
within certain cell wall types. In so doing, they provide rigidity to plant cell walls and
thus help counter the forces of compression acting on the overall plant structure.
Indeed, vascular plants could not grow to give the fantastic variety of forms without
the “reinforcing™ process of lignification. Moreover, their hydrophobic properties
give vascular plants the capacity to develop xylem tissues capable of conducting water
throughout plants without significant loss due to absorption and evaporation.
Lignification is also surmised to be a common response of plants to infection or injury
and the wound-healing process of injured plants is often claimed to involve
lignification (13).

Both lignins and lignans are derived mainly from hydroxycinnamy! alcohols
(monolignols). The main purpose of this chapter is to assess our current understanding
of the monolignol biosynthetic pathway, in terms of the enzymology involved from
phenylalanine to monolignols. This includes a brief description of the enzymatic
conversions and the present, but incomplete, state of knowledge regarding the
subcellular locations of enzymes associated with the pathway. Additionally, our view
of how monolignol amount and composition in lignin is determined is discussed in
light of recent results from our laboratory.

Monolignol Biosynthesis

Scheme 1 represents the overall biochemical pathway for monolignol formation which
initially involves the conversion of shikimate (1) to L-phenylalanine (6)/L-tyrosine (5).
This is then followed by deamination, aromatic ring hydroxylations, CoA ligations and
O-methylation(s) with consecutive reduction of the cinnamoyl CoA esters (13, 15, 17)
to afford the monolignols, p-coumaryl (21), coniferyl (22) and sinapyl (23) alcohols
via the intermediate aldehydes (18-20) (summarized in Refs. 14,15,16). Altogether
this pathway accounts for about 30-40% of the organic carbon in all plant matter,
whose end products represent some of the metabolically most expensive in vascular
plants (17).

Two central issues often arise when considering plant cells undergoing active
monolignol biosynthesis. The first is the metabolic fate of the ammonium ion
released, and the second involves identifying the nature of the operationally slower
steps which serve as control points during active phenylpropanoid (monolignol)
biosynthesis. In addressing these matters, this chapter is broken down into three
topics. These include: (i) identification of the nitrogen recycling mechanism able to
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Scheme 1. Simplified denotation of phenylpropanoid metabolism in vascular plants.
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(d) arogenate dehydrogcnase (e) phenylalanine ammonia-lyase, (f) tyrosine
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sustain phenylpropanoid metabolism; (ii) a brief synopsis of what is currently known
thus far about the essential characteristics of each enzymatic step, as well as the tissue
and subcellular localizations, and (iii) identification of the limiting steps modulating
monolignol composition and amounts.

Nitrogen Availability. When either phenylalanine (Phe) (6) or tyrosine (5) are
conscripted for phenylpropanoid metabolism, the amino group is immediately
removed to afford E-cinnamate (7) and E-p-coumarate (8), respectively.
Concomitantly, an equimolar amount of ammonium ion is released for every
phenylpropanoid skeleton formed. The cinnamic acid derivatives are then
subsequently converted into substances such as lignins, lignans, suberins, flavonoids,
and related metabolites. Therefore, it was considered that an effective means of
recycling the liberated ammonium ion needed to be operative. Recognition that a
mechanism for nitrogen recycling must be in effect has long been suspected (/7) but,
the actual biochemical processes involved for regenerating L-Phe (6), have only
recently been established via the glutamine synthase (GS)/glutamine 2-oxoglutarate
aminotransferase (GOGAT) system to generate the amino donor, L-glutamic acid
{sGlu) (25). This was achieved through the investigation of the metabolism of various
“N-labeled precursors in lignifying Pinus taeda cell cultures and related systems and
involves assimilation of ammonium ion (Scheme 2) (8-20).

) Active phenylpropanoid metabolism in P. taeda cell suspension cultures can be
induced when exposed to solutions containing 8% sucrose (/9,21,22). In such
instances, this can result in formation of lignified cell walls and an “extracellular
lignin-like precipitate”. This, therefore, provided the opportunity to establish whether
a nitrogen_recycling mechanism was operative following deamination of Phe (6).
Thus, L-["°N]Phe (6) was administered to lignifying P. taeda cell cultures and then
allowed to metabolize over a four day period. At 24 h, "N NMR spectroscopic
examination of the amino acid extract from the cells revealed signals corresponding to
the amide group of glutamine (Gln) (27), the o aming groups of Gln (27) and Glu (25)
and the amino group of Phe (6) (19). Importantly, °"NH," was not observed at any of
the sampling points taken in the study. Interestingly, the L-['°N]Phe (6) present in the
soluble pool in the cells was ~90 atom % '°N-enriched at all intervals sampled, but its
amount [pg/g fresh weight (gfw)] decreased ~95% as a result of the utilization of its
carbon skeleton for phenylpropanoid metabolism. By contrast, the GIn/Glu pools
were enriched by only ~43-53 atom % '°N, with both nitrogens of Gln (27) labeled in
relatively equal amounts; however, the relative amounts (ug/gfw) of Gln/Glu dropped
by almost 50% over the duration of the 96 h experiment.

To prove unambiguously that the GS/GOGAT pathway was assimilating the
ammonium ion released during active phenylpropanoid metabolism, L-[°N]Phe (6)
was administered in the presence of the known PAL inhibitor, 0.1 mM L-aminooxy
phenylpropionic acid (AOPP) (23). _As expected, the dominant resonance observed
was now that of unmetabolized L-['*N]JPhe (6), i.e., PAL was substantially inhibited
(19). Subsequently, experiments were carried out using the glutamine synthetase (GS)
l?glibltor, 5.0 mM L-methionine-S-sulfoximine (MSQO). This resulted in only L-
['°NJPhe (6) and "NH," being observed, indicating that inhibition of glutamine
synthase prevented an effective assimilation of *, released during Phe (6)
deamination, into either Gln (27), Glu (25)5 or any other amino acid. In addition,
treating lignifying P. taeda cells with L-[ °N]Phe (6), in the presence of 5.0 mM
azaserine (AZA), an inhibitor of GOGAT (24), showed predominantly BN NMR
resonances corresponding to L-[°N]Phe (6) and "°N-Gln (27). This revealed that
further cycling of the nitrogen from L-["°N]Phe (6) into the o amino group of Glu (25)
was greatly reduced. Therefore, the use of sPeciﬁc inhibitors indicate that the primary
metabolic fate of the released nitrogen of L-[ *N]Phe (6) is via its assimilation into Gln
(27) and Glu (25) by the action of GS and GOGAT.

The next step was to establish that the ammonium ion, liberated during
deamination, was recycled back to Phe (6) during active phenylpropanoid metabolism.
Consequently, metabolism of *NH,Cl over a 96 h time period revealed "N NMR
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resonances attributable to various amino acids, i.e., Gln1 Glu, Ala, Pro, Lys, Om, y-
aminobutyric acid and NH;*. On the other hand, the SNH,' ion released from L-
[‘SN]Phe (6) during phenylpropanoid metabolism was only incorporated into Gln, Glu,
Ala and Ser, i.e., it was apparently not made available for general amino acid/protein
synthesis. “Additionally, incubation of loblolly pine cell cultures with BNH,CI, L-
[®N]Gln (27) or L-["°N]Glu (25) in the presence of 0.1 mM of L-AOPP (23), gave only
a resonance corresponding to L-["°N]Phe (6). Taken together, these results prove that
the ammonium ion released is transferred to L-Glu (25), which then functions as the
amino donor to form L-Phe (6) (19).

In summary, employing *N-substrates with and without specific inhibitors of
PAL, GS and GOGAT, resulted in the discovery of the mechanism for the recycling of
nitrogen during active phenylpropanoid metabolism in loblolly pine cell cultures. This
efficient nitrogen recycling mechanism (Scheme 2) presumably explains why plants
and fungi do not experience any obvious symptoms of nitrogen limitation under
conditions of active phenylpropanoid metabolism.

Tissue and Subcellular Localization of Monolignol Pathway Enzymes. Beyond
the deamination step, the cinnamic (7)/p-coumaric (8) acid(s) formed can be
metabolized in planta into the monolignols and hence metabolites, such as the lignins
and lignans. [Additionally, depending upon the tissue and/or species, various
phenylpropanoid (acetate) derived-products can also be formed via branchpoint
pathways, e.g., to flavonoids (Scheme 1)]. Surprisingly, all of the conversions in
monolignol biosynthesis beyond cinnamic (7) and p-coumaric (8) acids have been
proposed, at one time or another, as potential regulatory steps. However, no explicit
biochemical data to demonstrate the rate-limiting capacity of any particular step(s) has
been forthcoming. Accordingly, a brief historical summary of each step in the
pathway is described below, outlining what is also known thus far about subcellular
localization, and hence enzyme pathway organization. Where necessary, a brief
clarification is given as to why particular enzymatic steps in the pathway have
previously been described as “key”.

Phenylalanine ammonia-lyase (PAL). The discovery of PAL (TAL) in 1961
(25,26) initiated a series of studies by numerous groups which made this enzyme, up
to the present day, the most intensively studied in plant secondary metabolism. PAL,
which has been obtained from various sources, exists as tetramers of 55 to 85 kDa
subunits, and has molecular weights ranging from 240 to 330 kDa (27). It was
established that the pro-3S hydrogen from phenylalanine (6) [tyrosine (5)] is
abstracted during the transformation to cinnamic (7) [p-coumaric (8)] acid and
ammonium ion, via a trans elimination reaction (equation 1) (28,29). Interestingly,
neither a metal ion nor a co-factor are required for this conversion.

Hr Hs
P _co, PAL ~_-COOH
+ = " n, 1
- Y, -NH, RO/\/ Eq
R=H Phenylalanine (6) R=H Cinnamic acid (7)
R =0H Tvrosine (5) R =O0OH n-Coumaric acid (8)

The considerable attention received by PAL is justified by its strategic position
in the metabolic network functioning as a bridge between primary (glycolysis, pentose
phosphate, and shikimate pathways) and secondary (phenylpropanoid/acetate
pathway) metabolism. Its importance is further magnified by the fact that the
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phenylpropanoid pathway provides the precursors for the second most abundant
biopolymer on earth after cellulose, i.e., lignin. PAL is therefore often considered as
an enzyme that catalyzes a “key” step in channeling carbon flux into this colossal
metabolic sink.

The evidence provided by various researchers in support of a regulatory role
for PAL in lignification is largely based on correlation of induced PAL activity with
the production of phenylpropanoid derived metabolites, including lignin. In
buckwheat (Fagopyrum esculentum) (30), asparagus (Asparagus officionalis) (31),
bamboo (Physollostachys pubescens and P. reticulata) (32), Acer pseudoplatanus
(33), and Coleus blumei (34), PAL activity is high in areas of active lignification.
PAL activity is also induced in cases of pathogen attack which involves formation of
“lignin-like” material as well as other phenylpropanoid-derived products involved in
plant defense. However, no regulatory role for PAL has unequivocally been
established.

Many efforts have been made to elucidate the tissue and subcellular
distribution of PAL, principally by subcellular fractionation. The results suggested
that PAL was not only in the cytoplasm, but was also in the plastids, mitochondria,
and microbodies (27). Moreover, it has been proposed that in flavonoid metabolism
enzyme complexes exist containing PAL, cinnamate 4-hydroxylase, and flavonoid
glucosyltransferase which are associated with the endoplasmic reticulum (35).

More recently, specific and sensitive immunofluorescence and immunogold
labeling techniques, have been utilized to localize PAL at both the tissue and
subcellular levels, e.g., in defining that wound-induced PAL in potato cells is
predominantly cytoplasmic (36). As an additional example, PAL polyclonal
antibodies were supplied to us by Whetten and Sederoff (37), following immunization
of rabbits with a 74-kDa loblolly pine PAL subunit purified by sodium dodecy!
sulfate - polyacrylamide gel electrophoresis (SDS-PAGE). These antibodies were then
used to study the subcellular localization of PAL in our loblolly pine cell suspension
cultures. Initially, the specificity of this PAL antibody was determined by Western
blotting experiments (Figure 1). Lane 1 shows the results obtained with a crude cell
free extract of the P. taeda cells. In addition to the expected 74 kDa subunit, other
polypeptides were observed which had been previously reported to be PAL
degradation and aggregation products (38). Moreover, with the crude protein extract
from loblolly pine stem tissue the 74 kDa was again only the major band (Lane 2).

Figure 2 shows the presumed subcellular localization of PAL in the loblolly
pine cells. Most of the gold-label was present in the cytosol (Figure 2A), with much
smaller amounts apparently loosely associated with the plasma membrane (Figure 2B),
the significance of which, if any, is not known. Both plastids and mitochondria were
apparently free of any immunogold labeling. That this labeling was specific to PAL
was established by a number of control experiments. For example, no gold labeling
was found when the sections were incubated either with pre-immune serum (Figure
3A) or with protein A-gold complex alone (Figure 3B). These observations are
comparable to that reported by Smith et al regarding the subcellular localization of
PAL in French bean (38).

Cinnamate-4-hydroxylase (C4H). C4H is a cytochrome P-450 hydroxylase,
which catalyzes the O,/NADPH-dependent regiospecific hydroxylation shown below,
thereby introducing a hydroxy group para to the propenoic acid side-chain of
cinnamate (7) (equation 2) (39,40).

C4H is often described as a key enzyme in monolignol biosynthesis. This is
mainly because the induction of both its enzymatic activity and mRNA accumulation
apparently correlate well with the onset of lignification and the production of various
phenylpropanoid metabolites (4/,42). For instance, in the mesophyll cells of Zinnia
elegans which are induced to differentiate into lignified tracheary elements, both an
increase in C4H activity and the accumulation of C4H mRNAs have been observed
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Figure 1. Western immunoblot of PAL showing the specificity of the antiserum raised
against the 74kDa PAL from loblolly pine. Lane 1 : purified PAL from loblolly pine.
Note the specific band ~74 kDa and other faint bands interpreted as degradation/

aggregation products (38). Lane 2 : crude protein extract from loblolly pine mainly
visualizing the specific ~74kDa PAL subunit.
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Figure 2. Presumed sub-cellular localization of PAL in loblolly pine suspension
culture (2,4-D medium) using immunogold labeling with the PAL antiserum. Note the
specific labeling in the cytosol (A) and to a much lesser extent along the plasma
membrane (B) Legends: CW - cell wall; PM - plasma membrane; P - plastid; M -
mitochondria; T - tonoplast; Ve - vesicle; Cy - Cytosol; ER - endoplasmic
reticulum. (Reproduced with permission from Ref. 16).
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Figure 3. Immunocytochemical controls: (A) section incubated with pre-immune
serum; (B) section incubated with protein A gold alone.
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(41). Additionally, upon fungal elicitation of alfalfa (Medicago sativa) cell cultures,
C4H transcripts and enzymatic activity were also found to increase prior to the
accumulation of the isoflavonoid, medicarpin, this being a product of the
phenylpropanoid/acetate pathway (42).

X _-COOH COOH
Eqn.2
O,/ NADPH HO

Cinnamic acid (7) p-Coumaric acid (8)

The subcellular localization and tissue-specificity of C4H has received
considerable attention, and has been investigated using French bean (Phaseolus
vulgaris) hypocotyls, Zinnia elegans and Arabidopsis thaliana, respectively.
However, these studies did not specifically correlate C4H localization with precise
formation of any specific metabolic class in any definitive manner. In any event,
using 8 day old French bean hypocotyls (38), immunogold labeling with silver
enhancement of C4H polyclonal antibodies was examined. This indicated that C4H
was membrane-bound, being localized in both the endoplasmic reticulum and
throughout the Golgi stacks. Additionally, tissue-specific immunolocalization of C4H
in French bean hypocotyls revealed that C4H is present in young xylem,
maturing/mature xylem and in cells adjacent to the metaxylem. C4H was also
detected in the epidermal cells following wounding, although no role in lignin
deposition was proposed for these cells. On the other hand, when Zinnia elegans (41)
was probed with an antisense C4H mRNA (Northern blots), its expression was
observed in stems, roots, flower buds and, to a lesser extent, in leaves. Tissue print
hybridization with 4 week old Zinnia plantlets also revealed that the first internode
contained C4H mRNA in differentiating xylem cells, whereas, in the second
internode, it was detected in differentiating xylem tissue and developing phloem
fibers. In the third internode, however, it was only present in differentiating xylem of
vascular bundles.

Lastly, a GUS reporter gene strategy was utilized to define the tissue-specific
expression of C4H in Arabidopsis thaliana (43). Cotyledons displayed GUS staining
throughout their epidermal and mesophyll cells, as well as in ray parenchyma and
vascular tissue. GUS staining was also observed in developing primary leaves and
was not restricted to the vascular system, whereas the root tissue was intensely stained
from the hypocotyl/root interface to just below the root tip. Staining was also noted in
both the xylem and sclerified parenchyma of stems. In the flower tissues, it was
present in the sepal vasculature below the stigmatic surface and in mature siliques.
Again, however, no correlation with any particular metabolic process was established
in any definitive way.

Hydroxycinnamoyl CoA ligases. Hydroxycinnamoyl CoA ligases catalyze
the stepwise conversion of hydroxycinnamic acids (8-12), in the presence of
ATP/CoASH, into the corresponding CoA esters (13-17) via the intermediate AMP
derivatives. ATP apparently first binds to the enzyme followed by the substrate, with
pyrophosphate (PPi) being released while the adenosyl 5’-acylphosphate still remains
bound. Subsequent binding of CoASH is followed by release of CoA ester and AMP
(equation 3) (see Ref. 16).

4-Coumarate:CoA ligase is present as various isoenzymes in different plants,
e.g., soybean (Glycine max) (44), pea (Pisum sativum) (45), petunia (Petunia hybrida)
(46), parsley (Petroselinum crispum) (47) and poplar (Populus x euramericana) (48).
Otl‘ these, several display different substrate specificities suggesting distinct metabolic
roles.
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(Hydroxy)cinnamic CoA esters (13-17)
acids (8-12)

* 4-Coumarate:CoA ligase (4CL) has also frequently been described as a key
enzyme, e.g., because the activation of phenylpropanoid metabolism in fungally
challenged cell cultures of soybean (49), poplar (50) and potato (51) is accompanied
by induction of 4CL activity and its corresponding gene expression. A comparable
correlation was noted in Zinnia elegans cells undergoing differentiation into tracheary
elements (52).

While there have been no reports describing the subcellular localization of 4CL
enzymes, the expression of 4CL mRNAs (4CL-1 and 4CL-2) has been quite
extensively studied. Thus, expression studies with parsley showed that the 4CL-1
mRNA was very abundant in root tissue, whereas the corresponding 4CL-2
predominated in flowering stem regions (57). Similarly, soybean mRNA transcripts
encoding different 4CL’s, also displayed distinct expression patterns (53). On the
other hand, 4CL promoter expression studies using transgenic tobacco and parsley
(34,55) led to the conclusion that there was little difference between the 4CL-1 and
4CL-2 promoter regions, since both were activated by UV and fungal elicitation.
GUS-fusion expression of the 4CL-1 promoter was observed predominantly in xylem
tissue containing differentiating tracheids and in the primary xylem of axillary buds
and developing leaf veins (56).

In contrast to distinct 4CL isoforms in' parsley (47) and aspen (J7),
Arabidopsis 4CL was reported as being only a single gene product (58). Its mRNA
expression in- this species was observed 2 days after germination, being localized
mainly in the roots with very low levels in the cotyledons. The 4CL promoter activity
was induced within 3 days in the developing xylem of the cotyledons, stems and roots,
although it was not restricted to vascular tissue. As the plants reached maturity,
however, 4CL mRNA expression was noted in bolting stems, maturing leaves and
floral buds, whereas promoter expression was highest in the xylem of bolting stems,
anthers, flower buds and in developing siliques. As before, no precise correlation of
mRNA expression, in terms of formation of specific metabolites, has yet been made;
moreover, it will also be instructive to ascertain if 4CL is, or is not, a single gene
product in this species.

Cinnamoyl CoA reductase (CCR). CCR catalyzes the four electron,
NADPH-dependent reduction of p-hydroxycinnamoyl CoA derivatives (13), (15) and
(17) to form the corresponding p-hydroxycinnamaldehydes (18), (19) and (20)
(equation 4) (59-61).

Occasionally, this step is described as an entry point to the “lignin branch” of
the phenylpropanoid pathway, and accordingly, CCR has been proposed as a key
enzyme for lignin biosynthesis (62,63). However, these enzymes are not, in fact,
lignin-specific since they are also involved in formation of biochemically distinct
metabolites, such as the lignans (2). Nevertheless, elicitor-induced lignification of cell
suspension cultures of Picea abies is accompanied by increased levels of CCR activity
(64), and stimulation of CCR activity has also been observed in the lignification of
neoformed calli of bean hypocotyls infected with Agrobacterium rhizogenes (65).

In Lignin: Historical, Biological, and Materials Perspectives; Glasser, W., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: November 30, 1999 | doi: 10.1021/bk-2000-0742.ch003

Downloaded by CORNELL UNIV on June 12, 2012 | http://pubs.acs.org

131

OSCoA HO
pa A
CCR Eqn. 4
NADPH
R R, R R,
H H
R, =R, =H, p-Coumaroyl CoA ester (13) R,=R,= H, p-Coumaryl aldehyde (18)
R, =H, R, =0OMe, Feruloyl CoA ester (15) R, =H, R, =0Me, Coniferyl aldehyde (19)
R, =R, = OMe, Sinapoyl CoA ester (17) R, =R, = OMe, Sinapy] aldehyde (20)

There has been no report thus far describing the determination of the
subcellular localization of CCR in any cell type. However, preliminary Northern blot
analyses with five year old eucalyptus (Eucalyptus gunnii) showed that CCR mRNA
transcripts were equally abundant in young stems, roots and leaves (63). In 3 month
old poplar, signals were only observed in differentiating xylem but not secondary
phloem, flower or young periderm tissues. These studies should now be extended to
include different stages of plant development and to identify the precise metabolic
significance of the particular enzymatic activities in question, i.e., whether they are
involved in either lignin or lignan biosynthesis (or both).

Cinnamyl alcohol dehydrogenases (CAD). CAD converts p-hydroxy-
cinnamaldehydes (18), (19) and (20) into p-coumaryl (21), coniferyl (22) and sinapyl
(23) alcohols, respectively, thereby catalyzing the final step in monolignol
biosynthesis (equation 5). This two electron hydride transfer reaction is also NADPH-
dependent (66). As before, CAD is often viewed as being lignin specific, even though
its product monolignols are partitioned into various metabolic classes, such as the
lignans, dihydrocinnamyl alcohols, lignins and so forth (2,16). For example, various
plant species, such as western red cedar (Thuja plicata), can accumulate coniferyl
alcohol derived lignans, e.g., plicatic acid, up to ~20% of its dry weight (67).

HO OH
7 7
_CAD _ Eqn. 5
NADPH
R R R R,
OH H
R, =R, =H, p-Coumaryl aldehyde (18) R, =R, =H, p-Coumaryl alcohol (21)
R;=H, R, =0Me, Coniferyl aldehyde (19) R, =H, R, =0Me, Coniferyl alcohol (22)
R, =R, = OMe, Sinapyl aldehyde (20) R; =R, = OMeE, Sinapyl alcohol (23)

CAD activity has been demonstrated to be induced in fungal-elicited cell
suspension cultures of Pinus banksiana (68), Picea abies (64), Medicago sativa (69),
and poplar (Populus trichocarpa x Populus delioides) (70). On the other hand,
transgenic poplar (71) and tobacco (72) with extensively down regulated CAD levels
(~70 and 95%, respectively) did not result in any significant change in lignin content,
strongly indicating that this enzyme is not a major control point of metabolic flux to
lignin. In contrast, changes in lignin content and composition resulting from the
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presumed reduction of CAD in a putative mutant loblolly pine (P. taeda) have been
reported (73,74), although the overall measured lignin content was hardly affected. It
is therefore quite curious that CAD has been described as a key enzyme in P. faeda,
patticularly in the entire absence of any definitive data to establish a regulatory role.

In terms of identifying the subcellular localization of CAD, different results
have been obtained using Zinnia and poplar (Populus tremuloides x P. alba),
respectively. For example, in differentiating Zinnia tracheids it was concluded that the
enzyme was primarily present in secondary wall thickenings and to a lesser extent in
the cytosol, particularly in vesicles (75). On the other hand, polyclonal antibodies
raised against eucalyptus CAD, when applied to four month old poplar plants,
indicated the presence of CAD in the cambium, developing xylem cells, ray cells and
phloem fibers (76). Additionally, CAD promoter expression in tobacco, as visualized
by GUS-staining, was higher in roots than in stems and leaves (77). In stem sections,
however, GUS activity was highest in the regions encompassing the second to the
fourth intemodes but decreased with maturation of the lignifying cells.

Lastly, when polyclonal antibodies for eucalyptus CAD were used to study 3
month old transformed poplar (Populus tremuloides x P. alba) plants, different results
were obtained, depending upon whether poplar tissues were first fixed and then
stained with B-glucuronidase, or if the sequence of fixation was reversed (78,79).
Using the first protocol, staining was observed only in ray (parenchyma) cells located
between xylem vessels. With the reversed sequence, staining was extremely.
prominent throughout the vascular cambium/differentiating xylem zone and primary
xylem/pith zone as well as in the periderm layer. These findings may be provisionally
interpreted as evidence that cells undergoing lignification are themselves fully
competent to produce lignin, and that ray parenchyma cells may also be involved in
the formation of other metabolites, e.g., lignans.

O-Methyltransferases (OMT). The regiospecific methylation of the hydroxyl
group at the meta- position can either occur at the level of the hydroxycinnamic acids
(9) and (11) or hydroxycinnamoyl CoA esters (14) and (16) (see Ref. 16). These
reactions are catalyzed by hydroxycinnamate O-methyltransferases (COMT) and
hydroxycinnamoyl CoA O-methyltransferases (CCOMT), respectively. S-Adenosyl
methionine (SAM) serves as cofactor for these reactions, transferring its methyl from
the sulfur to the phenoxide ion of the substrate (equation 6).

OR, OR,
- ~
TN L T Eqn. 6
! H,C-S-—SAM
R (o] R OMe
OH OH
R, =H, OMe R, =H, OMe
R, = OH, SCoA R, = OH, SCoA

COMT has also been defined as a “key enzyme”, for example, because
accumulation of its mRNA in Zinnia elegans apparently correlates well with the
development of lignified tracheids (80,81), and both its enzymatic activity and mRNA
transcript levels are induced in fungal-elicited alfalfa (Medicago sativa) cell
suspension cultures (82). Moreover, the differences in the specificity of COMT’s and
4CL’s in gymnosperms and angiosperms have been used to attempt to explain
differences in the lignin types of these two groups of land plants (but see later).
Additionally, the discovery of the alternative methylation pathway, i.e., via the CoA
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esters (83), added more complexity to the role of particular methylation processes in
lignin biosynthesis. Indeed, the relative contribution of each methylation pathway is
still a subject of much speculation.

Very little is known about the subcellular localization of the hydroxy-
cinnamoyl CoA OMTs. mRNA localization studies in parsley using Northern blot
analysis of roots and leaves (84) suggested that there was essentially the same level of
expression in both tissues. On the other hand, tissue prints of 4-6 week old Z. elegans
(81) sections established that its hydroxycinnamoyl CoA OMT mRNA was mainly
located in differentiating xylem and not in developing phloem fibers, whereas, in older
internodes, there was extensive transcription in both cell types. With 3-4 year old
poplar (P. tremuloides), however, mRNA expression was essentially only observed in
the stems (85), i.e., at the gross tissue level.

: Hydroxycinnamic acid OMT localization has only been partially examined
with variable results. For example, with aspen (Populus tremuloides), Northern blot
analysis revealed that hydroxycinnamic acid OMT was mainly present in developing
xylem, but was not detectable in leaves (86), whereas in poplar (Populus trichocarpa x
P. deltoides), hydroxycinnamic acid OMT was present in both xylem and leaves (87).
Using young Zinnia internodes, tissue-print hybridization analyses of first and second
internodes, as well as immunogold labeling of the stems, showed that its
hydroxycinnamic acid OMT was mainly abundant in developing phloem fibers (81).
Lastly, in maize (Zea mays), Northern blot analysis revealed its mRNA to be present
in the root elongation zone and in the mesocotyl of differentiated roots mainly (88).

Taken together, these data indicate distinct localization patterns for the
different hydroxycinnamic acid OMTs and hydroxycinnamoyl CoA OMTs, a matter
}Vhichdnow needs to be correlated with the precise metabolic end-products being

ormed.

Hydroxycinnamate hydroxylases. In the phenylpropanoid pathway, the
branch point (see Ref. 16) can be at the level of either p-coumaric acid (8) (catalyzed
by p-coumarate-3-hydroxylase) or p-coumaroyl CoA ester (13) (catalyzed by p-
coumaroyl CoA-3-hydroxylase) (89). That is, how caffeoyl moieties are actually
formed remains an open question at the time of writing (equation 7). A specific
cytochrome P-450 membrane associated enzyme in formation of caffeoyl derivatives
is probably involved as described in ref. (16). However, until the responsible enzyme
is purified to homogeneity or its gene cloned and sequenced, the role of the 3-
hydroxylation step in the overall regulation of the phenylpropanoid pathway will
remain unresolved.

Nevertheless, the hydroxylation step is at a branch point leading to p-coumaryl
alcohol (21) and coniferyl alcohol (22), respectively. Accordingly, it is reasonable to
hypothesize that it is “key” to the control of lignin monomer composition. However,
the ls(;quence of either the protein or gene responsible for this branch point step is not
yet known.

OR OR
P 4
R = OH, p-coumarate-3-hydroxylase, or
Eqn. 7
R =S8CoA, p-coumaroyl CoA-3-hydroxylase OH
H H
R=0H, p-Coumaric acid (8) R =0H, Caffeic acid (9)
R =SCoA, p-Coumaroyl CoA ester (13) R =SCoA, Caffeoyl CoA ester (14)

In Lignin: Historical, Biological, and Materials Perspectives; Glasser, W., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: November 30, 1999 | doi: 10.1021/bk-2000-0742.ch003

Downloaded by CORNELL UNIV on June 12, 2012 | http://pubs.acs.org

134

In summary, the preceding empirical account on enzyme localization in the
monolignol forming pathway has revealed four noteworthy features. First, caution
must be exercised in describing any of the enzymatic steps as being lignin specific
since related metabolic processes, for example lignan formation, may also be active
even within the so-called lignifying tissue. Second, as secondary xylem maturation
and lignin deposition proceed, the cells which form tracheids, vessels and fibers are
able to produce the required monolignols, and hence their lignin biopolymers. Third,
cinnamyl alcohol dehydrogenase is expressed in many different tissue and cell-types;
however, these observations need to be clarified in terms of precise metabolic events
involved. The fourth is the striking differences between the localization of the distinct
isoenzymes, e.g., hydroxycinnamoyl CoA OMT’s and the hydroxycinnamic acid
OMT’s and also 4CL-1 and 4CL-2, which presumably imply unique metabolic
functions for each isoenzyme. Routine techniques are now in place to help establish
how these various metabolic processes are differentially initiated, regulated and
controlled, and now the major challenge is to examine a single plant species, at all
stages of development, in order to ascertain how the phenylpropanoid pathway is
regulated.

A much more detailed discussion of tissue and subcellular localization of
monolignol pathway enzymes is described elsewhere (16).

Metabolic Pool Sizes and Rate-limiting Steps in Monolignol Formation in
Loblolly Pine (Pinus taeda).

The idea that control of flux through the phenylpropanoid pathway solely resides in
one enzyme alone (i.e., a “rate limiting” enzyme) has long been uncertain. As early as
1973, it was suggested that control in the phenylpropanoid pathway resides in groups
of enzymes, with PAL exerting primary control and the enzymes catalyzing the
subsequent steps (e.g., C4H and 4CL) exerting secondary control (90). Yet, in spite of
such considerations, virtually every step in the monolignol forming pathway has been
referred to as regulatory!

The foregoing remarks thus clearly emphasized the need to analyze the pool
levels of different metabolites in the phenylpropanoid pathway under presumed
substrate saturating conditions, in order to identify the relative regulatory contributions
of each step in the pathway. In this regard, the inducible P. taeda monolignol-forming
system provided the very first opportunity for such a study. The protocol utilized was
based, firstly, on the measurement of metabolic pool sizes of various intermediates
during active phenylpropanoid metabolism and, secondly, on the determination of the
effects of administering several metabolic precursors to monolignol forming cells, i.e.,
to determine the levels of accumulation within the cells and their effect on subsequent
downstream metabolic processes.

In this regard, the P. taeda cell suspension cultures serve as an excellent
model. They can be induced to undergo active phenylpropanoid metabolism when
exposed to a solution containing 8% sucrose. Over a 96 h period, the cells respond by
generating an extracellular monolignol-derived dehydropolymerisate, (so-called
“lignin like”) whose formation can be inhibited by addition of 20 mM KI, a H;0,
scavenger (22). Under the latter conditions, essentially only the monolignols (21) and
(22) are secreted into the medium.

Determination of Pool sizes of Phenylpropanoid Metabolites. One week old P.
taeda cell cultures (2.5 ml) were transferred to a solution of 8% sucrose 20 mM KI
(25ml) and incubated at 25 °C under continuous light. Cg reversed phase HPLC was
then employed to quantify the amounts of each metabolite in the cell bathing medium
and cellular extracts after 12 h of incubation. Representative metabolic pool sizes of
intracellular phenylpropanoid compounds are shown in Table I, and Figures 4A and
4B (lower traces) show the accumulation of p-coumaryl (21) and coniferyl (22)
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Table I. Representative intracellular metabolic pool sizes of phenylpropanoid
metabolites in monolignol-forming Pinus taeda cells (see Ref. 91).

Metabolite Amount in 150 mg
dry cells (nmol)
Cinnamic Acid (7) 100.00
p-Coumaric Acid (8) 30.00
Caffeic Acid (9) 25.00
Ferulic Acid(10) 7.00
p-Coumaroyl CoA (13) <2.50*
Caffeoyl CoA (14) <2.50*
Feruloyl CoA (15) <2.50*
p-Coumaryl Aldehyde (18) <0.25*
Coniferyl Aldehyde (19) <0.25*
p-Coumaryl Alcohol (21) 30.00
Coniferyl Alcohol (22) 30.00

Note. Pinus taeda cells were incubated in 8% sucrose/20 mM
KI for 12 h and then analysed. * - below detection limits.

pmoles/ 25 ml
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Figure 4. Representative effect of exogenously provided Phe (6) on: extracellular
accumulation of (A) p-coumaryl alcohol (21) and (B) coniferyl alcohol (22), and
intracellular levels of (C) cinnamic acid (7) and (D) p-coumaric acid (8) in P. taeda
cells. Legend: A:0pmol; ®:125 pmol ; ®: 1000 pmol Phe (see Ref. 91).
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alcohols secreted into the cell bathing solution. Within the cells, only the acids (7-10)
and the monolignols (21) and (22) were detectable, but not the corresponding CoA
esters (13-15) or aldehydes (18, 19) (91).

Identification of Rate-limiting Steps in the Pathway. To identify which steps in the
pathway might be rate-limiting, various metabolic precursors, namely Phe (6),
phenylpropanoic acids (i.e., cinnamic (7), p-coumaric (8), caffeic (9) and ferulic (10)
acids), feruloyl CoA ester (15), p-coumaryl (18) and coniferyl (19) aldehydes were
added at different concentrations to P. taeda cells (2.5 ml) exposed to a 8% sucrose
solution 20 mM KI (25 ml). For each treatment, cellular pool sizes of all
phenylpropanoid metabolic intermediates and the amount of various substances
accumulating in the medium (during the 24 h incubation period) were determined by
HPLC and LC/MS analyses.

Effect of exogenously supplied phenylalanine to P. taeda metabolism. As
can be seen in Figures 4A and 4B, increasing phenylalanine (6) availability (0 to 1000
pmol) resulted in an approximately 26 and 3 fold increase in extracellular p-coumaryl
(21) and coniferyl (22) alcohols released, respectively, within 24 h (97). Addition of
higher concentrations of Phe (6) had no effect on further increasing monolignol levels,
indicating that maximum production levels under these conditions were achieved.
Significantly, at low levels of Phe (6) availability, the p-coumaryl alcohol (21)/
coniferyl alcohol (22) ratio approximated 1 to 8 (Figures 4A and 4B, lower traces). In
contrast, at higher levels of exogenously provided Phe (6) (up to 125 pmol)
differential increases in p-coumaryl (21) and coniferyl (22) alcohol contents resulted
in an approximately 1 to 1 monolignol ratio (Figures 4A and 4B, middle traces). This
is a particular interesting observation because lignins in compression wood of
gymnosperms have a higher p-coumaryl alcohol (21) content relative to that in
“normal” wood (92). Perhaps the change in monolignol composition in compression
wood results from an increase in Phe (6) availability.

Additionally, the increased availability of Phe (6) resulted in significant
increases in the pool sizes of both cinnamic (7) (~16-fold) and p-coumaric (8) (~10-
fold) acids (Figures 4C and 4D). However, the intracellular pool sizes for caffeic (9)
and ferulic (10) acids and p-coumaryl (21) and coniferyl (22) alcohols were not
significantly affected, nor did the CoA esters (13-15) or aldehydes (18) and (19) build
up to detectable levels. These results are, therefore, contrary to what would be
expected if PAL is truly the only rate-limiting enzyme, as has been frequently
suggested (91,93,94), i.e., if this was the case, cinnamic and p-coumaric acids could
not have accumulated unless the hydroxylation steps were operationally slower than
the deamination step. Furthermore, the very low metabolic pool sizes of Phe (6) in
actively lignifying cells (/9) suggests that deamination of Phe (6) to form cinnamic
acid (7) is not rate-limiting.

Effect of exogenously provided (hydroxy)cinnamic acids to P. taeda
metabolism. When (hydroxy)cinnamic acids (7-10) were exogenously provided to P.
taeda cells, no significant changes in either the intracellular or extracellular amounts
of monolignols (21, 22) were noted (9/). Examination of the intracellular
constituents, on the other hand, revealed that each exogenously supplied acid
accumulated substantially inside the cells, while the levels of other downstream
metabolites were not significantly affected.  For example, when 40 umol
(hydroxy)cinnamic acids (7-10) were individually exogenously administered, the
intracellular levels of cinnamic (7), p-coumaric (8) and ferulic (10) acids increased
~150, ~155 and ~450 fold, respectively, while caffeic acid (9) increased less
dramatically (~20 fold) (Figure 5). As can be seen, the (hydroxy)cinnamic acids
underwent further metabolism dropping to near basal levels within 12 h, this occurring
primarily via glucose ester formation. It would, therefore, appear that these acids,
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Figure 5. Representative effect of exogenously provided (A) cinnamic (7), (B) p-
coumaric (8), (C) ferulic (10) and (D) caffeic (9) acids on their intracellular levels in
P. taeda cell cultures. Legend: A: O pmol ; ®: 5 pmol ; ®: 40 pmol
(hydroxy)cinnamic acids (see Ref. 91).
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although taken up by the induced P. taeda cells, were either not transported to the
requisite subcellular locations for further processing and/or were derivatized by way of
either a detoxification or a storage mechanism.

Effect of exogenously supplied cinnamyl aldehydes to P. teeda metabolites.
At no point in the preceding experiments, namely, when the P. faeda cells were
exogenously provided with phenylalanine (6) (up to 1000 pmol) and
(hydroxy)cinnamic acids (7-10) (up to 40 pmol), did the p-coumaryl (18) and
coniferyl (19) aldehydes reach detection levels (0.25 nmol) (97). This strongly argues
against any regulatory role for this step in monolignol biosynthesis. Indeed, even
when p-coumaryl (18) and coniferyl (19) aldehydes were individually administered, at
10 and 30 pmol ( i.e., 40,000 and 120,000 fold above the detection limit, respectively)
they still remained undetectable (Figures 6A and 6B). This was due to their very rapid
and essentially equimolar conversion into the corresponding monolignols (21, 22),
respectively (Figures 6C and 6D). In fact, this was evident until maximal monolignol
accumulation in the medium was reached at very high, non-physiological levels of 80
pmol (320,000 fold increase in the amount of available aldehydes) of each aldehyde.
This very fast and effective reduction of very high levels of cinnamyl aldehydes
established that under these conditions this enzymatic conversion was not rate-
limiting. Moreover, it was also significant that both cinnamyl aldehydes (18) and (19)
were reduced at essentially the same rate, indicating that the reductive process
involved operationally utilized both substrates with essentially equal efficiency.

In summary, the low, often undetectable, phenylalanine (6) levels in P. faeda
cell cultures, which have undergone induced phenylpropanoid metabolism, suggest
that phenylalanine (6) availability is rate limiting. This is assumed to be a
consequence of the slower rate of nitrogen cycling and hence phenylalanine (6)
biosynthesis via presumed arogenate (4) regeneration. However, when phenylalanine
(6) availability is increased, both cinnamate (7) and p-coumarate (8) intracellular
levels build up, although none of the other downstream metabolites were significantly
affected. As the intracellular acid levels rise, however, increased extracellular
monolignol secretion occurs. Significantly, at high Phe (6) concentrations, the p-
coumaryl (21)/coniferyl (22) alcohol ratio in the medium changed from 1 to 8 to
approximately 1 to 1. Thus, as cinnamate (7) and p-coumarate (8) levels are elevated
intracellularly, the conversion of cinnamate (7) into p-coumarate (8) is initially rate-
limiting, until the rate of p-coumarate (8) formation exceeds that of caffeate (9)
biosynthesis. Under these conditions, more p-coumarate (8) is then reduced to the
corresponding monolignol (21), thus altering the ratio of p-coumaryl (21) to coniferyl
alcohol (22) (Scheme 3). Administration of (hydroxy)cinnamic acids (7-10) had no
significant effect on monolignol (21,22) biosynthesis. On the other hand, even very
high levels of exogenously supplied cinnamyl aldehydes (18) and (19) are rapidly and
completely converted into the corresponding monolignols (21) and (22).

Taken together, these data suggest that the monolignol-forming pathway in P.
taeda cell cultures is not controlled by a single “rate-limiting” step, but rather exhibits
multi-site regulation. However, it can be concluded that: Firstly, phenylalanine (6)
availability plays a key role in the phenylpropanoid pathway and is probably regulated
in the preceding nitrogen recycling pathway and not during deamination to form
cinnamic acid (7). Secondly, precisely how cinnamate (7) is apportioned into the
operationally slower steps affording p-coumaric (8) and caffeic (9) acids, represents an
important determinant of how monolignol composition is controlled.  Thirdly,
reductive transformations of the cinnamyl aldehydes (18) and (19) to the
corresponding alcohols (21) and (22) are not rate-limiting under these conditions.
Indeed, these data explain why down-regulation of CAD has had no significant effect
on overall lignin amounts in transgenic plants (73, 74).
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Figure 6. Representative effect of exogenously provided cinnamyl aldehydes (18, 19)
on extracellular levels of monolignols (21, 22) in P. taeda cell cultures. Time course
of depletion of (A) p-coumaryl aldehyde (18) and (B) coniferyl aldehyde (19) in the
extracellular medium. Time course of formation of (C) p-coumaryl alcohol (21) and
(D) coniferyl alcohol (22) in the extracellular medium. Legend: A: 0 pmol; e: 10
umol; ®: 30 umol and ¢: 80 umol cinnamyl aldehydes (see Ref. 91).

In Lignin: Historical, Biological, and Materials Perspectives; Glasser, W., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: November 30, 1999 | doi: 10.1021/bk-2000-0742.ch003

Downloaded by CORNELL UNIV on June 12, 2012 | http://pubs.acs.org

140

O,H
o, NH + P
3 Arogenate NH
N dehydratase
HO 'H

Arogenate (4) L-Phenylalanine (6) Clnnamic acid (7)

é ———=> p-Coumaryl alcohol (21)

R=0H, p-Coumaric acid (8)
R=SCoA, p-Coumaroyl CoA ester (13)

COR
2
=——=> Coniferyl alcohol (22)
OH
H

R=0H, Caffeic acid (9)
R=SCoA, Caffeoyl CoA ester (14)

Scheme 3. Proposed modulation points (a) to (c) involved in gymnosperm
monolignol (21) and (22) blosynthes1s in Pinus taeda. Modulation points include: (a)
regeneration of phenylalanine (6) via nitrogen recycling, (b) cinnamate 4-hydroxylase
and (c¢) p-coumarate 3-hydroxylase.
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Chapter 4

Genetic Engineering of Poplar Lignins: Impact
of Lignin Alteration on Kraft Pulping Performances

C. Lapierre', B. Pollet', M. Petit-Conil’, G. Pilate’, C. Leplé’, W. Boerjan®,
and L. Jouanin®

'Laboratoire de Chimie Biologique INRA, Institut National Agronomique,
INA-PG, F78850, Thiverval-Grignon, France
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Station d' Amélioration des Arbres Forestiers, INRA, F45160, Ardon, France
‘Laboratorium voor Genetika, Vlaams Interuniversitair Instituut
voor Biotechnologie VIB, Universiteit Gent, 9000 Gent, Belgium
SLaboratoire de Biologie Cellulaire, INRA, F78026 Versailles cedex, France

A poplar clone (INRA 717-1B4) was genetically engineered to down-
regulate caffeic acid O-methyltransferase (COMT) or/and cinnamyl
alcohol dehydrogenase (CAD), which are enzymes of the lignin
biosynthetic pathway. One- and two-year old transgenic poplars with
severely down-regulated COMT or CAD activity were evaluated for
lignin structure and for kraft pulping characteristics. While the subtle
lignin alterations caused by CAD depressed activity had a beneficial
impact on pulping efficiency, the structural changes induced by COMT
down-regulation detrimentally affected the kraft delignification of the
poplar trees. These phenomena could be rationally accounted for by
the observed alteration of lignin structure. These results point the way
to change lignin structure by genetic engineering in order to produce
more easily processed trees for the pulp industries.

Currently, there are worldwide efforts to down-regulate the activity of enzymes
involved in the lignin monomer biosynthetic pathway as a means to produce plants
with altered lignin content and/or structure and improved characteristics when used
for pulp and paper production or animal feed (/). In this line, we have produced
transgenic poplars (Populus tremula x Populus alba) with depressed caffeic acid/5-
hydroxyferulic acid O-methyltransferase (COMT) or cinnamyl alcohol dehydrogenase
(CAD) activity (2,3). Preliminary studies run on three-month old poplars revealed that
a severe down-regulation of COMT or CAD was obtained for a few transgenic lines.
These lines did not show any change in lignin content relative to the control. No
substantial alteration of lignin structure was evidenced in CAD transformed poplars
which nevertheless displayed a red coloration of the xylem (3). Strikingly enough
however, when subjected to mild alkaline hydrolysis, the CAD down-regulated
poplars released higher levels of benzaldehydes, especially syringaldehyde, while a few
percent of the wood lignin were solubilized, relative to control lines.
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More importantly, alkaline kraft pulping experiments run on three-month old plants
revealed that CAD transformed poplar trees were more efficiently delignified than
control poplar trees (3). In contrast to CAD down-regulated poplars and similar to
maize mutants with depressed COMT activity (4), COMT down-regulated poplars
displayed a drastically altered lignin structure with a drop in the proportion of
syringyl (S) units and the incorporation of 5-hydroxyguaiacyl (5-OH G) units in
substantial amounts (2).

In the present study, in-depth evaluation of lignin structure and pulping
characteristics of two-year old poplars with depressed CAD or COMT activity are
examined with three objectives: first, to control the stability of transgene expression
with age; second, to more reliably evaluate pulping characteristics of CAD or COMT
down-regulated poplars, as three-month old trees do not adequately represent older
trees with regards to kraft cook; third, to closely evaluate lignin alteration, if any, in
CAD transformed poplars and to adduce the molecular basis of their specific
reactivity towards alkaline treatment.

Phenotype and Lignin Content of Transgenic Poplar Trees with Depressed
COMT and CAD Activity

From previous experiments, we selected for this study four transformants with down-
regulated CAD or COMT activity : two lines of transgenic trees (ASOMT2B and
ASOMT10B) that expressed a part of the COMT gene in antisense orientation (2),
two lines of CAD down-regulated poplar trees obtained either with the full length
antisense CAD construct (ASCAD21) or with the sense construct (SCAD1) (3). In
the xylem of these transgenic lines and relative to the control line (clone Institut
National de la Recherche Agronomique 717-1B4), we monitored COMT and CAD
activity during the growing season in plants ranging from four-month to
eighteen-month old (data not shown). CAD activity level was reduced by
approximately 70% for the ASCAD21 and SCADI lines and relative to control or
ASOMT lines. In ASOMT2B and ASOMTI10B transformants, COMT activity
towards caffeic acid was still more severely reduced by ca. 95% (5% residual
activity), relative to control or CAD lines.

In spite of CAD or COMT down-regulation, no phenotypic differences in
growth were observed between control and transgenic poplars with antisense COMT
or CAD constructs, grown in the greenhouse or in the field. Similar to three-month
old poplars (3), two-year old poplars with depressed CAD activity showed a red
coloration of the outer part of the xylem, particularly bright in ASCAD21 line. After
wood drying, this red coloration turned to a brownish coloratlon which resisted
solvent extraction aimed at removal of extractives.

Although exhibiting a low CAD and COMT activity, the Klason lignin level of
transgenic poplars was retained at a similar level as in the control (Table I). Statistical
tests run on this series of two-year old poplars and on a larger series of younger
poplars (data not shown) showed that the Klason lignin content of ASOMT poplars
did not significantly differ from that of control poplar trees. The same tests suggested
a tendency for ASCAD21 and SCAD1 poplars to display a slight reduction in Klason
lignin. When the oldest branches of two-year old SCAD1 poplars were examined, the
same trend could be observed compared with the control. Obviously, more data is
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needed to confirm the slightly reduced Klason lignin content of ASCAD21 and
SCAD1 lines relative to the control.

Table L. Klason Lignin Content (% by weight) of 2-year old Transgenic Poplar
Trees with Reduced COMT or CAD Activity, Relative to the Control.

Line ASCAD21 SCADI Control ASOMT2B ASOMTI10B
Greenhouse 187+0.2 17.7+03 194+02 21.11+03 20.3+0.2
Field 183+0.1 185+02 19.1+0.1 19.6+03 18.5+0.2

For each line, measurements were performed on main stems collected from 5 plants,
debarked, ground and extractive-free. These plants were grown in the greenhouse or
in the field. Data are averages =+ standard error from 3 to 6 independent replicates.

In contrast to the bm3 maize mutant in which the mutation reduced the lignin
content (4) and similar to COMT down-regulated tobacco (5), a depressed COMT
activity did not affect the lignin content of the poplar trees. Recently, an alternative
methylation pathway has been evidenced in the phenylpropanoid biosynthesis. In this
alternative pathway Caffeoyl-CoA-O-methyltransferase (CCoAOMT) converts
caffeoyl CoA into feruloyl CoA (6). The close association of CCoAOMT expression
with lignification has been demonstrated in the lignifying tissues of several dicot
plants (7). Therefore, one may assume that CCoOAOMT activity compensates for the
severe decrease in COMT activity and allows the maintenance of a high lignin level.
Moreover, several lines of evidence indicate that, in addition to COMT and
CCoAOMT activities, other O-methyltransferase activities may occur in the lignin
biosynthetic pathway with various substrate specificity (8-9). In CAD transformed
trees and in spite of a decreased CAD activity, the lignin level appeared, at best,
slightly reduced or unchanged. A similar trend has been reported for CAD null pine
mutant (10) or CAD down-regulated tobacco (/7).

From these data taken together, we have ascertained that down-regulation of
COMT and CAD activities in a woody plant species with industrial uses does not
affect the growth of the tree or the lignin content of the xylem to any substantial
extent. Therefore, change in the pulping characteristics of the plants, if any, would
essentially rely on the alteration of lignin structure and/or distribution in subcellular
or cellular regions. Impact on lignin structure will be discussed in detail, below.

COMT Down-Regulation Induces Severe Structural Alteration in the Lignin of
Transgenic Poplar Trees

Lignin structure was evaluated by thioacidolysis, an analytical and routine
degradation that is capable of providing a wealth of structural information about
native lignins (/2). Similar to other analytical or industrial lignin degradation
processes, the key reaction of thioacidolysis is the cleavage of labile B-O-4 ether
bonds which represent major linkages in native lignins (/3). Guaiacyl (G) and syringyl
(S) units only involved in B-O-4 linkages specifically yield thioethylated G and S
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monomers with an 80% reaction yield, as shown by model experiments (/4). On this
basis, the molar percentage of lignin units only involved in B-O-4 linkages can be
readily estimated. When thioacidolysis is performed from CHN, exhaustively
methylated lignins, additional monomers are recovered with methylated phenolic
groups. Their relative proportion indicates the frequency of free and methylatable
phenolic groups within $-0-4 linked G or S units (/5). This is an important structural
parameter that may affect the efficiency of lignin solubilization and/or fragmentation
during kraft cooking, as many studies have shown that free phenolic groups in lignin
units markedly facilitate the cleavage of sidechain ether bonds (/6). A more recent
development of thioacidolysis has made possible the determination of lignin-derived
dimers that have retained resistant carbon-carbon and diarylether bonds present in the
polymer and referred to as lignin condensed bonds. Therefore, the GC analysis of
these diagnostic dimers provides information on the nature and relative frequencies of
condensed interunit bonds in the lignin (/2).

On the basis of thioacidolysis yield in G and S monomers, the percentage of
lignin units only involved in B-O-4 bonds was monitored as a function of poplar age
and line. Within the same line, the lowest content in B-O-4 structures was observed
for the more juvenile samples (Figures 1 and 2). This is an indication that lignins
deposited at the early stage of wall lignification are enriched in carbon-carbon bonds,
in agreement with our current knowledge on the spatio-temporal evolution of lignin
pattern (/7). In the older poplar trees from the control line, more than 60% of the G
and S lignin units were found only involved in labile ether structures that readily
provided G and S monomers on thioacidolysis. In contrast, the lignins in COMT
transformed poplars showed a substantial reduction of such labile ether structures
relative to the control (reduction by 25 to 35%, Figure 1). In other words, a
pronounced impact of COMT depressed activity was found to be an enrichment in
carbon-carbon interunit bonds in the lignin polymer.

Consistent with this observation, the distribution of lignin building units in
COMT down-regulated samples appeared to be severely affected by the genetic
transformation. In agreement with the results reported for bm3 maize mutant with
depressed COMT activity (4), for analogous three-month old poplars (2) and for
COMT down-regulated tobacco plants (5), the relative importance of S building units
in B-0-4 structures was dramatically reduced (Figure 3). Concomitantly to that
decrease in S units, 5-OH G units were evidenced in noticeable relative amounts,
versus trace amounts in the control. Therefore, the drop in S units and the marked
incorporation of 5-OH G units appeared to be a common lignin pattern adopted by
different species with depressed COMT activity. It is noteworthy that the capability
to provide evidence for 5-OH G units is an attribute of thioacidolysis which preserves
labile o-diphenolic rings in lignin-derived monomers and does not cause significant
demethylation. In contrast, other degradative methods, such as nitrobenzene
oxidation, do not preserve 5-OH G units.

The determination of the lignin-derived dimers provided new insight on the
specific traits of the lignin in COMT down-regulated poplars. The structure of the
main dimers is shown in Figure 4 (compounds I-5). These dimers include
representatives from the common condensed interunit linkages of hardwood lignins,
namely the 5-5, B-5, B-1, 4-O-5 and B-P linkages (/2). The frequencies of the
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Figure 1. Frequency (% molar) of lignin units only involved in B-O-4
bonds in control and COMT down-regulated poplar trees. These
structures are evaluated from the determination of lignin-derived
thioacidolysis monomers. The calculation is performed assuming an 80%
thioacidolysis yield and a 200 average molecular weight of lignin units.
Standard errors between duplicates are in the 3-5% range.
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Figure 2. Frequency (% molar) of lignin units only involved in B-O-4
bonds in control and CAD down-regulated poplar trees. For additional
comments, see Figure 1.
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ASOMT10B 2-year old,
ASOMT2B field
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Figure 3. Lignin composition in COMT down-regulated poplar trees :
relative proportions (% molar) of Syringyl S, Guaiacyl G, and 5-
hydroxyguaiacyl 5-OH G units only involved in f-O-4 bonds. The 5-OH
G units are observed as trace amounts in the control. Standard errors
between duplicates are in the 2-3% range.
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Figure 4. Dimers recovered from thioacidolysis then Raney nickel
desulfurization of hardwood lignins (R = H or OMe; R’ = H or CH,0H).
The S B-B dimer originates from syringaresinol structures. The o,B-

diether dimers 6 are specifically found in ASOMT samples.
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lignin-derived dimers revealed a dramatic alteration of lignin structure in the COMT
transformed poplars (Table II). The most striking effect of depressed COMT activity
was the twofold increase in 5-5 biphenyl structures. In addition and relative to the
control, the proportion of B-5 dimers also increased while that of B-p syringaresinol-
derived dimers dropped. Dimers representative of B-1 diarylpropanes and 4-O-5
diphenyl ethers were retained at a similar level. These results are remarkably
consistent with what can be expected from the change in S and G relative distribution
and further point to the efficiency of the employed technique. Importantly, when
COMT antisense construct was introduced in CAD transformed poplars, the double
transformant displayed a lignin pattern very similar to that described herein for the
COMT single transformants.

Table IL Relative Frequencies (% Molar) of the Main Lignin-derived Dimers
(Figure 4) Obtained from One-year Old Control and ASOMT Transgenic
Poplars. These Dimers Represent the Condensed Interunit Bonds of the Lignin.

Bond type 4-0-5 5-5 B-5 BB B-1

Control 15 10.3 28.1 244 29.7

ASOMT10B 9.5 19.8 342 10.8 25.7
Spruce wood 6 35 33 26 -

Data are average of duplicate analyses with 5-10% standard error. For poplar,
measuremenst were done from extractive-free stems collected from 3 plants per line.
Data obtained for extractive-free spruce are reported for comparison purpose.

The recovery of 5-OH G monomers from ASOMT plants prompted us to
examine whether thioacidolysis dimers involving 5-OH G units could be evidenced as
well. Only two dimers could be found in noticeable amounts. Their mass
fragmentation pattern was indicative of o, B-diether dimers (compound 6 in Figure 4)
involving a 5-OH G unit together with a G or S unit (/8). They were evidenced in
minor relative amount from ASOMT poplars (ca. 4% of the main dimers -5 outlined
in Figure 4). Consistent with the proportion of G and S units, the 5-OH G dimer
including a G unit was three times more abundant than its analogue including an S
unit. We may surmise that 5-OH G units are essentially involved in o,B-diether
bonding pattern, in agreement with literature data (/9). That a small amount of these
ether bonds resisted thioacidolysis was not unexpected in view of their survival to
other ether-cleaving degradation technique, namely hydrogenolysis at 240°C (/9). In
contrast, GG, GS, and SS dimers diagnostic of traditional B-O-4 bonding patterns
were detected as trace amounts or not detected, contrary to recent literature data
(20).

Even though the lignin content was unchanged in COMT down-regulated
poplars, the specific structural traits of the lignin were found dramatically distinct
from those of the control lignin. As revealed by thioacidolysis, the dramatic increase
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in G units and in biphenyl bonds, the reduction in labile -O-4 linkages, the decrease
in syringaresinol structures and in S units were strikingly consistent alterations. These
alterations provided poplar lignins with some similarities with softwood samples, as
illustrated in Table II. In other words, the expected impact of these structural
changes on the kraft pulping characteristics of COMT down-regulated poplars might
very likely be detrimental. This effect will be discussed below.

CAD Down-Regulation Induces Subtle but Promising Alteration in the Lignin
of Transgenic Poplars

When subjected to thioacidolysis, the lignin of CAD transformed poplars yielded
similar amounts of G and S monomers as the control. With regards to the p-O-4
content, one may therefore assume that the lignin susceptibility towards industrial
processes aimed at ether cleavage was at least preserved. Indeed and similar to
control samples, in two-year old CAD transformed poplars, approximately 60% of
the lignin units were only involved in B-O-4 ether linkages (Figure 2). This amount
thereby represented a wealth of potential targets for efficient kraft delignification.

The lignin of CAD transformed poplars was comprised of similar proportions
of G and S units as that of analogous control samples (Figure 5). This result is
consistent with the similarity of thioacidolysis yield as the B-O-4 content has been
repeatedly reported to increase with the proportion of S units. The incorporation of
cinnamaldehyde units into the lignin of CAD depressed plants has been evidenced
from spectrometric characterizations (10, 21), pyrolysis (11, 22), or thioacidolysis
(18, 23, 24). This result has been reported for sorghum mutant (18, 21, 24), CAD
null pine mutant (10, 27), and CAD down-regulated tobacco plants (/, 23). With
this in view, we evaluated the relative amount of the dithioketal compounds
Ar-CHR-CHR-CHR; (Ar = G or S ring and R = SEt) which are diagnostic for
cinnamaldehyde endgroups. Conclusive support to that claim was given by the results
from thioacidolysis of coniferaldehyde or sinapaldehyde which provided these
dithioketal derivatives (Lapierre, unpublished data). In addition, G-CHR-CHR-CHR,
was recovered in elevated amounts from thioacidolysis of synthetic lignins made from
coniferaldehyde or of sorghum mutant with depressed CAD activity (/8). In contrast
to the aforementioned examples, CAD transformed poplars did not provide higher
levels of cinnamaldehyde dithioketals, relative to the control. Interestingly, the
recovery yield of S-CHR, that represents the dithioketal derivative of syringaldehyde
was tenfold higher in the case of ASCAD21 sample relative to the control. This S
compound was however recovered in weak relative amounts when compared with
the major S thioacidolysis monomers (2% in ASCAD21 sample, versus 0.2% in
control). Obviously, we failed to detect significant incorporation of cinnamaldehyde
in CAD down-regulated poplars, in contrast to other samples analyzed in our
laboratory. These observations suggest that plant species may adopt distinct
responses towards CAD depressed activity.

To more closely evaluate lignin alteration in CAD transformed poplars, if any,
we ran thioacidolysis from exhaustively permethylated samples in order to determine
the proportion of free phenolic lignin units involved in 8-O-4. The relative frequency
of free phenolic groups in lignin is an important trait that may facilitate lignin
solubilization and/or fragmentation during kraft cook. In the control lines, ca. 25% of
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Figure 5. Lignin composition in CAD down-regulated poplar trees :
relative proportions (% molar) of Syringyl S and Guaiacyl G units only

involved in B-O-4 bonds. Standard errors between duplicates are in the 2-
3% range.
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G units involved in B-O-4 were terminal units with free phenolic groups (Table III).
In contrast, only 3% of the S analogous structures were found to be free phenolic, in
agreement with previous studies.

Table III. Frequency (% Molar) of Free Phenolic Groups
in B-O-4 linked G and S Lignin Units from Two-year Old Poplars.

Line ASCAD21  SCADI1 Control  ASOMT10B
G 335+1.5 208413 264+13 21.5%1.1
S 45402 36+02 3.0+0.1 2.6+02

Data are averages * standard errors of duplicate thioacidolyses performed on
permethylated samples (/5). For each line , measurements were done from debarked,
ground and extractive-free stems collected from 5 plants.

Strikingly, in CAD transformed poplars, the levels of free phenolic units were found
substantially higher than in the control, not only for the G units but also for the S
units. Similar results were obtained for six-month old poplars (data not shown). As
the B-0-4 proportions and S levels are the same in CAD transgenic and control lines,
the data of Table III clearly pinpoint that CAD down-regulation induces a global
enrichment of the lignin in free phenolic groups whereas a reversed tendency was
observed for the ASOMT10B line.

The determination of the lignin-derived dimers revealed a higher level of B-1
diarylpropane bonds in CAD transformed samples, relative to the control (Table IV).
Whatever the biochemical basis of this trait, that the 3-1 bonds were observed to
increase in CAD transformed lignins is consistent with the relative increase in free
phenolic groups (Table ITI). Indeed, diarylpropane structures have been shown to be
mainly distributed in lignin as endgroups with free phenolic functions (25).

Table IV. Relative Frequencies (% Molar) of the Main Lignin-derived Dimers
(Figure 4) Obtained from Two-year Old Control and CAD Transgenic Poplars.

Bond type 4-0-5 5-5 B-5 B-p B-1
Control 8.2 9.8 26.5 26.0 29.5
ASCAD21 9.6 104 23.7 218 345
SCADI1 8.0 9.6 233 23.0 36.1

Data are average of duplicate analyses with 5-10% standard error. Measurements
were done from extractive-free stems collected from 5 plants per line.
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Similar to COMT transformation, CAD down-regulation did not cause any
dramatic change in lignin content of transgenic poplars. In contrast to COMT
transformed lignin which displayed drastic structural change, few differences could be
evidenced between the lignin of CAD down-regulated and control poplars. The
proportion of B-0-4 linkages or of S units remained at a similarly high level. While
we failed to find any increased cinnamaldehyde incorporation in CAD lignins, we
observed more syringaldehyde units, albeit in weak total amounts. The most
significant change was an enrichment in free phenolic units and in diarylpropane
structures. Whatever the biochemical mechanism which may account for that change,
more free phenolic units should benefit kraft pulping efficiency, as discussed below.

Impact of COMT and CAD Down-Regulation on Pulping Characteristics of
Poplar Trees in Relation with Lignin Structural Alteration

Down-regulation of COMT activity was studied in order to produce plants more
easily delignified during kraft cook on the following rationale. Similar to maize
mutant (4), one could speculate that depressed COMT activity might decrease the
poplar lignin content, thereby facilitating kraft delignification. In addition,
substitution of some S units methoxylated at C-5 for 5-OH G units hydroxylated at
C-5 might increase the level of free phenolic groups and therefore promote kraft
delignification (26). However, the actual impact of COMT down-regulation was
different. There was no change in lignin content. Poplar 5-OH G units were etherified
at both phenolic groups. In addition, COMT depressed activity induced a decrease in
lignin labile ether bonds and an increase in biphenyl resistant linkages. Not
unexpectedly, COMT transformed poplars proved substantially less amenable to kraft
delignification, as revealed by higher kappa numbers (Table V). Lower brightness
levels were reached after an Elemental Chlorine Free (ECF) sequence. The paper
strength was the same as for the control sample, as shown by cellulose
polymerization degree (DP) and mechanical measurements.

Preliminary pulping assays run on three-month old poplars suggested some
improved performance of ASCAD poplars relative to the control (3). However, as
pulping characteristics of juvenile trees differ from those of mature trees, a more
comprehensive evaluation of pulping characteristics on older poplars was done. This
evaluation confirmed the promising behavior of CAD transformed poplars, especially
ASCAD?21 line. In two independent experiments run for greenhouse- and field-grown
poplars (Table VI), ASCAD21 poplar trees were delignified to a higher extent,
relative to the control, as revealed by lower kappa number. This small reduction of
pulp kappa number can be of high value because of the large scale of the pulping
industries. Other kraft experiments showed that lower alkali charge (15% active
alkali) still allowed satisfying delignification of the ASCAD21 line (16.1 kappa
number versus 20.5 for the control, G. Toval, personal communication), which
suggests that some energy and chemicals could be spared with these transgenic
poplars. This easier delignification was not associated with pronounced cellulose
degradation. After bleaching, the difference in kappa number between ASCAD21 and
control lines was maintained. The final pulp brightness after ECF sequence and the
paper strength were found at the same level in control and CAD transformed lines.
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Table V. Properties of Kraft Pulp Obtained from COMT Transformed Poplars

Age | One-year old greenhouse | Two-year old field
Laboratory cook, 20% act. Alkali, 25% sulfidity, 170°C, liquor/wood ratio = 4
Line Control | ASOMT2B | ASOMT10 | Control | ASOMT2B | ASOMT10
B B
Kappa | 594 36.8 37.7 17.7 27.4 31.5
number
Celll;llfse 1880 | 1940 ; 1440 | 1730 1710
Screened } ) ) 513 496 i}
yield ' )
ECF bleaching sequence O D E D, 10% pulp consistency
Brightness
%ISO 88.1 80.1 83.2 87.9 86.5 84.5
Ce‘ll;‘llfs"' 1560 1620 1580 1520 1540 1520
Fiber - - - 0.93 0.91 0.90
length mm

Experiments were performed on the main stems of several plants (3 to 5 per line),
gathered, debarked and cut into chips. Kraft cook was done on ca. 150 g of sample.

Table V1. Properties of Kraft Pulp Obtained from CAD Transformed Poplars

Age Two-year old greenhouse | Two-year old field
Laboratory cook, 20% act. alkali, 25% sulfidity, 170°C, liquor/wood ratio = 4
Line Control | ASCAD21 SCAD1 Control | ASCAD21 SCADI
Kappa | 134 15.6 145 176 163 18.0
number
Cellg‘llfse 1900 | 1910 1830 | 1440 | 1670 1670
Screened | 459 | 474 488 513 50.9 50.9
yield
ECF bleaching sequence O D E D, 10% pulp consistency
Brightness
% 1S0 90.6 91.0 91.0 87.9 89.6 86.7
Ce']';‘l'fse 1900 1910 1830 1520 1640 1490
Fiber i . . 0.93 0.92 0.93
length mm

Experiments were performed as described in Table V.

To further confirm the effect of CAD down-regulation on the efficiency of
kraft cook, one-year old poplars grown in the greenhouse and carrying either one
(CAD single transformants) or two constructs (double transformants with antisense
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COMT and CAD constructs: ASOMT x ASCAD21; double transformants with sense
COMT and antisense CAD constructs: SOMT x ASCAD21) were collected. CAD
activity was found to be similarly reduced in the single and in the double
transformants. COMT activity was reduced in ASOMT x ASCAD21 transformants
and unchanged in SOMT x ASCAD21 poplars. In agreement with the results of
Tables V and VI, lower kappa numbers relative to the control confirmed that the
antisense CAD construct either in ASCAD21 or in SOMT x ASCAD21 poplars made
wood more amenable to kraft delignification (Table VII). A higher kappa number for
ASOMT x ASCAD21 pulp relative to the ASCAD21 pulp confirmed that COMT
down-regulation decreased the efficiency of the kraft cook. These effects were not
related to the lignin content (Table VII), but to the lignin structure. While ASOMT x
ASCAD21 transformants displayed the same lignin profile as ASOMT trees, SOMT
x ASCAD21 poplars showed the same lignin alteration as ASCAD21 samples.

Table VII. Lignin Content (% Klason Lignin % KL) and Pulping
Characteristics of One-Year Old Poplar Single and Double Transformants.

Laboratory cook, 20% act. alkali, 25% sulfidity, 170°C, liquor/wood ratio = 4

Line Control | ASCAD21 | ASOMT X ASCAD21 | SOMT x ASCAD21

% KL 17.2 15.6 14.3 15.2
Kappa number 39 13.5 35 17.5
Cellulose DP | 2100 1900 1960 2040

For each line, experiments were done on the main stems of several plants (4 to 7 per
line), gathered, debarked and ground. Kraft cook was performed on 100 g of sample.
The Klason lignin content was determined on the extractive-free ground wood meal.

The structural evaluation of the lignin allowed us to rationally account for the
improved pulping characteristics of the ASCAD?21 line. The substantial increase in
free phenolic lignin units is very likely responsible for the higher susceptibility of
ASCAD21 line towards kraft cooking. A support of that hypothesis was afforded
from another line, ASCADS52. Compared with ASCAD21, this line displayed a higher
CAD residual activity, a lower level of free phenolic groups, and lower pulping
performances. These results suggest that a threshold level in free phenolic groups
must be reached in order to obtain improved pulping performances.

Conclusions

In the present study, CAD or COMT down-regulated poplars have been obtained
which display normal growth and similar lignin content as the control trees. The close
evaluation of lignin structure revealed original information and opened new avenues
for the rational design of lignin structure through biotechnology techniques.

We have shown that a severely depressed COMT activity in two-year old
poplars induces dramatic alterations in the lignins which gives them some similarities
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with softwood lignins. A higher level of condensed bonds, especially of resistant
biphenyl linkages, accounts for an increased resistance towards kraft pulping. A
higher lignin condensation degree might be nevertheless beneficial for other wood
uses than kraft pulp production.

We have demonstrated that a depressed CAD activity in two-year old poplars
induces subtle alterations in the lignin which seem to have a beneficial impact on the
pulping characteristics of the tree. While the levels of labile ethers and syringyl units
are retained, a substantial increase in lignin units with free phenolic groups and in
diarylpropane linkages is observed. This intriguing phenomenon remains to be
biochemically addressed. One may speculate that some changes occurred in the
conditions prevailing during the polymerization of monolignols. Whatever its
biochemical basis, an increase in free phenolic groups makes the lignin more
amenable to kraft degradation, thereby facilitating the industrial process. In-depth
understanding of the phenomena which control lignin structure and functionality
would nevertheless be a challenging task aimed at producing genetically engineered
lignin for improved plant uses.
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Chapter 5

Lignin—Polysaccharide Interactions in Woody Plants

Richard F. Helm

Department of Wood Science and Forest Products, Fralin Biotechnology Center,
Virginia Polytechnic Institute and State University, Blacksburg, VA 24061-0346

Hemicellulose and lignin are theorized to be linked to one another
through covalent bonds, and these bonds are thought to limit rapid
chemical and biochemical breakdown of woody biomass. After years
of study, the mechanism by which lignin and hemicellulose interact
with one another is still not clear. This information is crucial to our
understanding of wood biosynthesis and the organization of the cell
wall three-dimensional matrix. An overview of what is known about
these interactions is presented, and bonding patterns are suggested to
support the chemical and spectroscopic data reported in the literature.

Many of the products derived from forest biomass are prepared by chemical wood
processing. Yields of desired materials from many of these chemical processes are
much less than the amount of material theoretically available. This is due, to a great
extent, to the way in which the woody cell wall is biosynthesized. Cellulose,
hemicellulose and lignin interact with one another through non-covalent and covalent
bonds. These interactions interfere with efficient processing, and thus, chemical
procedures are needed which decompose some of the desired biopolymers.
Improving the yield and efficiency of chemical/biochemical processes would help us
to more effectively utilize our wood resources, and also decrease the amount of toxic
effluents present in waste streams.

How are we to accomplish this? First we need to understand the regiochemical
organization of the wood cell wall matrix. However, in order to understand the cell
wall matrix, we need to determine how the individual polymeric components come
together to establish the three-dimensional biopolymer composite. When we fully
understand the way in which the woody cell wall is constructed on the chemical level,
we can begin ascertaining rational methods for improved chemical processing and/or
genetic manipulation.

The Formation of Lignin-Polysaccharide Bonds in Woody Plant Cell Walls.

The theory that is used, almost without exception, to describe the formation of lignin-
carbohydrate (LC) bonds in lignified tissues, centers on the quinone methide formed
during lignin biosynthesis. The free radical coupling of a monolignol and a lignin
oligomer as shown in Figure 1, affords an intermediate quinone methide. It has been
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suggested that these reactive intermediates undergo nucleophilic attack to form either
o.-hydroxy compounds, oi-alkyl/aryl ethers, ai-esters or o-glycosides (1,2).

This theory is under revision. In a series of investigations on the structure of
forage cell walls (3,4), it has been shown that p-coumaric acid is attached to corn
lignin (and other grass lignins) exclusively at the y-position (Figure 2A). Thus the

OMe

OMe ROH
(nucleophile)

OMe

Figure 1. The coupling of two free radicals generates an intermediate quinone
methide. Nucleophilic attack followed by additional free radical condensations
leads to incorporation of the nucleophile into the lignin macromolecule.

Ho Q A\ 2 Arabinoxylan

° Y
B MeO

o

RO

OMe Lignin
A B

Figure 2. Two modes of hydroxycinnamic acid incorporation into the cell wall of
forages. A, p-coumaric acid attached at the y-position of lignin, without cross-
coupling. B, ferulic acid is capable of cross-linking between arabinoxylans and
lignin. The asterisks indicate other potential sites of lignin attachment.
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ester bond is located at a “non-quinone methide” lignin hydroxyl—a process that
requires a discrete biological process. The coumarate moiety possesses a free
phenolic hydroxyl, which does not participate in the lignification process. This is in
contrast to the other predominant cinnamic acid present in forage cell walls, ferulic
acid. Ferulates can undergo free radical condensation with lignin and be fully
incorporated into the lignin structure (5). As it has been amply shown that ferulic
acid is esterified to arabinoxylans in forages through the 5-position of oi-L-
arabinofuranosyl moieties (6,7), herein lies an important mechanism for lignin-
hemicellulose covalent interactions in forages. Ferulic acid is esterified to
arabinoxylans through the carboxyl group, and the free phenolic hydroxyl allows for
free radical formation leading to incorporation into the lignin matrix (Figure 2B).

How does this relate to woody cell wall structure? The studies with forages
clearly indicate that biochemical processes are involved in the placement of p-
coumaric acid on the lignin polymer, and the attachment of ferulic acid to
arabinoxylans. Ferulate is subsequently incorporated into the lignin polymer whereas
p-coumarate is not. It would seem logical to assume then that if forages undergo
biochemically-controlled processes for the formation of lignin-polysaccharide
interactions, a controlled process would also occur in wood. Therefore, the quinone-
methide theory may not adequately describe LC formation in wood.

The chemical reactivity of the lignin quinone methide has been the subject of
several investigations (8-12). One of the overriding points of all of these studies is
that the lignin quinone methide is somewhat unreactive towards nucleophiles such as
carbohydrate hydroxyls. The reactivity of the quinone methide towards carboxylic
acids (uronic acids) is much higher. This reactivity is in contrast to the reported types
of major LC linkages in wood. In the case of softwood and hardwood
glucuronoxylans, studies indicate that the predominant linkage is an alkali-stable
ether linkage, not an ester linkage through the uronosyl moiety (2,13,14). Could a
biological process be controlling this bond formation?

NMR spectroscopy has been extremely useful in ascertaining the predominant
linkages in lignin isolates. Brunow and and others (15,16) have listed the major and
minor interunit linkages, and these are shown in Figure 3. As can be seen from a
perusal of the structures, o-alkyl ethers are not shown—efforts to locate such
structures have largely been unsuccessful. Indeed, of all the structures indicated the
only one that could possibly involve a carbohydrate is Structure G, where an alkyl
group is attached to the y-position of a §-O-4 unit. This concept will be revisited later
in the section entitled “Points to Ponder.”

Do Different Wood Species and Wood Types Have Different Linkages? It is
emphasized here that the choice of substrate can have profound influence on the
presence and type of LC bonds found. Using temperate zone hardwoods as an
example, their principal hemicellulose is an O-acetyl-(4-O-methylglucurono)xylan,
comprising 15-30% of the weight of these woods (/7). The (1—4) B-D-
xylopyranosyl backbone carries occasional substitutions at the two position by 4-0-
methyl-o.-D-glucopyranosiduronic acid, as well as randomly distributed acetyl groups.
Approximately 7 acetate groups are present for every 10 xylose units, and there is
approximately 1 uronosyl moiety for every 7 xylose units. It is interesting to note that
this structure and composite makeup is quite conserved for all temperate zone
hardwood species. This implies xylan plays an integral role in hardwood cell wall
structure.

Obst has investigated the LC bonds present in aspen; about 20% were labile to
base, implying an ester linkage (/4). This is in accordance with the observation that
an almost quantitative yield of glucuronoxylan can be obtained from treating aspen
wood meal with 24% KOH (18). The same base extraction can be done with paper
birch (Betula papyrifera), providing a glucuronoxylan in 80% yield (17). These
isolated materials have minimal lignin content (<2%) and only differ from the native
material by the lack of acetate groups. Peeling is minor in the preparation, as the
presence of an o.-(1—2) uronosyl moiety has the net effect of stopping the reaction.
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Figure 3. The bonding patterns of lignin as determined by NMR spectroscopy.
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The high hemicellulose yield seems to imply that there are relatively few alkali-stable
bonds between lignin and hemicellulose in these species.

In contrast to poplar and birch, American elm (Ulmus americana) has a 19%
glucuronoxylan content. Treatment of this milled wood with 24% KOH affords a
37% yield of the total glucuronoxylan (7). Most hardwood species are intermediate
in this extractability; poplar is the most extractable and elm the least. Are non-ester
linkages more prevalent in species such as elm and lacking in the aspens and birches?
If this is the case, in searching for LC bonds, one should keep in mind that different
wood species may have different levels and types of LC bonds.

Another point to bear in mind is the differences between normal and reaction
woods. Tension wood is found in hardwoods, typically on the top side of branches.
Compression wood is found in softwoods on the bottom side of branches. Tension
wood is under tension and compression wood is under compression. As wood creep
would be undesirable in these locations, one could expect that the concentration of
LC bonds would be higher in reaction woods than in normal woods. However, only a
few studies have investigated this possibility. The concentration of LC bonds is
higher in compression wood than normal wood and the bonds appear to be associated
with galactans (/4). Interestingly, tension wood is low in lignin and high in cellulose
and galactan relative to normal wood, and compression wood is high in lignin and
galactan but low in cellulose. Clearly, in searching for LC bonds in native woods,
one must consider the heterogeneity of woody plants when deciding on a substrate.

Methods of Isolation and Analysis.

The choice of substrate to be investigated is not the only issue to be considered when

investigating LC bonds. The methods employed in isolating and characterizing the

{;C fractions are also critically important in determining the nature and scope of these
onds.

Isolation of Lignin-Carbohydrate Complexes (LCCs). The key to any work in this
area is the isolation of LCCs representative of those in native tissue. Several methods
have been used, although all rely initially on the preparation of solvent-extracted
wood meal and subsequent milling. The use of milled wood is obviously somewhat
of a compromise as one wishes to increase the surface area of the sample for
subsequent treatments, and this leads to some mechanical degradation. Once the
milled wood has been obtained, strategies for isolation of the LCCs differ in that one
either uses direct -solvent extraction with dioxane:water (19) or a treatment with
cellulase (20,21). The most recent methods described for the isolation of native
LCCs utilize direct hot water extraction of a dioxane:water treated residue (19,22).
Yields from beech and pine have been reported to be 3.6 and 9.3%, respectively, of
the dioxane:water treated material (22,23). In the study of Japanese beech (Fagus
crenata), Imamura et al. showed that this water-soluble LCC (named LCC-WE) had a
80% carbohydrate content, a 10% uronic acid content, and a 7.6% lignin content (23).
Assuming the uronic acid is 4-O-methyl-D-glucuronic acid, this uronic acid was the
third most abundant carbohydrate in the extract behind xylose (48%) and glucose
(12%). The published NMR spectrum, however, shows negligible uronosyl signals,
including the 4-O-methyl group (61 ppm).

Treatment of milled wood with commercial cellulase preparations prior to
dioxane:water extraction improves the overall recovery of milled wood enzyme
lignin. In the classic study of Chang et al. (24), it was shown that cellulase-treated
milled wood provided a much higher yield of dioxane-water soluble lignin, termed
milled wood enzyme lignin (MWEL). Carbohydrate contents in this fraction were in
the 4.0-9.0% range for both sweetgum and spruce. More than half of the lignin could
be dissolved in dioxane:water. This is still considered the most effective way of
isolating native lignin.

Part of the problem with using commercial cellulases for pretreatment is that the
preparations contain contaminating enzymes. Glycosidases could potentially cleave
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glycosidic linkages between lignin and carbohydrate, and esterases may cleave any
uronosyl-lignin bonds that may be present. However, cellulase preparations which
are relatively free of contaminating activity are now commercially available. Use of
this enzyme complex (25) would help to insure that no loss of these potential LC
linkages would occur, while also improving subsequent purification steps.

An enriched sample of LCCs can then be obtained by treating solvent-extracted
milled wood with a cellulase preparation and subsequently with dioxane:water. With
a majority of the lignin and cellulose removed what remains is hemicellulose,
unsolubilized lignin, LCCs and potentially some undegraded cellulose. To further
enrich the LCCs fractions that are high in carbohydrate content, the dioxane-water
insoluble residue can be extracted with a polar solvent such as water, DMF or DMSO.
The LCCs are solubilized along with a portion of the hemicellulose. The use of hot
water is advocated by Azuma and others (19) although a higher yield of LCCs (with
higher molecular weights) can be extracted with DMSO (2,19). If one desires to
obtain as much material as possible which is indicative of native LC structures,
without resorting to conditions which may afford cleavage of some LC bonds, the use
of DMSO is warranted. In addition, we have found that several model LCCs are
susceptible to rearrangement and/or degradation in aqueous solvents (26).

The material solubilized by DMSO is the fraction that contains the majority of the
LCCs. The major components of this mixture are non-lignin bonded hemicelluloses
and the LCCs. Further enrichment of the LCCs can be accomplished either by
chromatography into acidic, neutral and lignin-rich fractions by ion-exchange
chromatography (19, 27-30), or by enzymatic degradation of the hemicellulosic
component with purified enzymes (31,32). While the chromatographic route is useful
for the isolation of three different fractions, it would appear that the more effective
method of concentrating the LCCs would be by enzymatic depolymerization of the
non-bonded hemicellulose regions first. In the case of hardwood hemicelluloses,
enzymatic breakdown of the O-acetyl-(4-0-methyl-glucurono)xylans is required.

In order to break this hemicellulose down by selective enzymatic means, one
needs a series of purified enzymes. An acetyl xylan esterase cleaves the acetate
groups to expose the hemicellulose (33). This glucuronoxylan is then susceptible to
depolymerization by endo-xylanases (34). The endo-xylanases are not completely
capable of cleaving the polymer down to its constitutive monomers; an o-
glucuronidase is needed to cleave off the uronosyl groups, and a B-xylosidase is
needed to break the xylo-oligomers down the monomer D-xylose. Thus at least four
enzymes are necded by any organism wishing to break down this hemicellulose (35).
For the purposes of enzymatic breakdown of cellulase treated wood, a purified
enzyme system is required that has acetyl xylan esterase, endo-xylanase, and .-
glucuronosidase activities. B-Xylosidase activity is undesirable as this would cleave
any potential glycosidic bonds that may be present. Unfortunately, obtaining
preparative amounts of o-uronidase is difficult, due to its low abundance and fragile
nature (36-38).

Recent studies have attempted to investigate the LCCs present in aspen steam-
exploded wood by the use of selective enzymatic breakdown (31,32,39). The
aqueous fraction from the thermomechanically-treated aspen was purified by size-
exclusion chromatography and treated with acetyl xylan esterase, an endo-xylanase
and a B-mannanase (32). It was noted that hydrolysis was not complete and
monosaccharides were not produced. It was then theorized that the LCCs went under
conformational changes which restricted complete enzymatic breakdown. The lack
of monosaccharides is not surprising as a xylosidase was not present. The
conformational changes limiting degradation is an important finding, but this could be
due to the nature of the substrate, steam-exploded wood. The mechanism of lignin
degradation during steam explosion has been suggested to be free radical-based, with
depolymerization and condensation reactions occurring (40,41). Loss of LC bonds
has also been documented (42). A more highly condensed LCC structure would be
less amenable to solubilization in water after removal of a portion of the
hemicelluloses. Regardless of whether this occurs or not, one must consider that as
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carbohydrates are removed, the solubility of the remaining lignin-rich fraction in
water will decrease.

This discussion of LCC isolation has shown that numerous attempts have been
made to analyze LCCs in wood. From these efforts, it can be seen that the most
successful approach for hardwood LCC isolation is by the preparation of solvent-
extracted ball milled material which is submitted to a cellulase treatment with a
purified enzyme mixture. Dissolution of MWEL can be accomplished with
dioxane:water, and the carbohydrate-rich LCCs can be obtained from the insoluble
fraction by dissolution in a polar solvent such as DMSO. The solubilized LCCs are
then further enriched by an enzymatic treatment with acetyl xylan esterases and
endo-xylanases. The resulting lignin-carbohydrate containing materials are then
purified by chromatography and subjected to analysis.

Analysis of LCCs. While the techniques needed to isolate LCCs are fairly

straightforward and reproducible, methods for analysis of LCCs are still in the

developing stages. The approaches taken can be separated into two groups, those

studies interested in alkali-labile bonds and those interested in alkali-stable bonds.

ﬁu; overview of the results obtained to date are shown in Table 1 and discussed
elow.

TABLE 1. Overview of LC Linkage Data

ALKALI-LABILE LINKAGES
Carbohydrate Bonds

Source/Substrate Method Implicated Ref.
Beec/ MWL DDQ/Titration Uronosyl esters 23
Pine/MWL DDQ/Titration Uronosyl! esters 2
Pine/MWEL Base treatment Uronosyl esters 14
Pine Compression/ MWEL Base treatment Uronosyl esters 14
Aspen/MWEL Base treatment Uronosyl esters 14
Spruce/MWEL Base treatment Uronosyl esters 14
Spruce/MWL Base treatment Uronosyl esters 44

ALKALI-STABLE LINKAGES
Pine/Base Treated MWEL  Methylation Analysis Primary hydroxyls 20
Pine Compression/
Base Treated MWEL Methylation Analysis Primary hydroxyls 20
Spruce/MWL + glycanases Methylation Analysis Primary hydroxyls 45
Beech/MWL + cellulase DDQ Xylose 19
Pine/MWL + cellulase DDQ Primary hydroxyls 19
Pine/MWL + cellulase DDQ Primary hydroxyls/Xylose 2
Tropical legume/MWL DDQ Xylose 43

COMBINED STUDIES LINKAGES

Spruce/MWL + glycanases Acid/Base Treatments  Primary hydroxyls/
Uronosyl esters 46

Aspen/MWL + xylanase Acid/Base Treatments  Primary hydroxyls/
Uronosyl esters 47

Alkali-labile bonds are the easiest bonds to study since they presumably uronsyl-
linked esters that are selectively released by saponification. Obst characterized the
alkali labile linkages of several woods and estimated that about 10-20% of the LC
bonds in wood were alkali labile (14).
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Watanabe’s group has been instrumental in the development of DDQ (2,3-
dichloro-5,6-dicyano-1,4-benzoquinone) procedures for the detection and quantitation
of LCC ester and ether bonds attached at either the o- or conjugated y-positions of
lignin (2,13,43). Lignin-carbohydrate bonds at other locations would not be
quantitated. A recent modification of the procedure has been recently published to
quantitate the frequency of o.- and/or conjugated y-esters in Fagus crenata (23). In
this modification, the isolate was ethylated with diazoethane to protect the free
phenolic hydroxyl groups on the lignin portion of the LCC. The material was then
acetylated and submitted to the DDQ oxidation in refluxing CH,Cl,/2M aq. TFA.
The released o- and conjugated y-uronate moieties were then quantitated by
comparing the neutralizing capacity of the DDQ-treated material relative to the
untreated material. We have found in our studies on lignin-uronate esters that
migration of the uronosyl moiety between the o~ and y-positions occurs under neutral
aqueous conditions (26). This process is accelerated by the presence of acid, and
favors the y-position (Figure 4). If migration occurs as a natural process in wood, and
DDQ does not oxidize unconjugated y-esters, then the DDQ method could seriously
underestimate the importance of this linkage in native tissue.

The analysis of alkali-stable linkages is usually performed either with DDQ or by
methylation analysis (a protocol typically used for carbohydrate analysis). Neither of
these methods are optimal, and they both suffer from one drawback or another.
However, it is interesting to note that the methods typically indicate that the primary
hydroxyls of either pentofuranosyl residues or hexopyranosyl residues are involved in
these linkages. It is only the DDQ method that indicates xylopyranosyl units linked
either at the 2- or 3-hydroxyls.

NMR evidence for lignin carbohydrate bonds is still lacking. One can clearly
observe signals for both polymers in NMR spectra, but long range correlations
between resonances assigned to lignin and carbohydrate have yet to be made. There
are probably several reasons for this, most importantly relating to the stereochemistry
of lignin and polysaccharides. Since lignin is formed in a chiral environment, one can
envision some regiochemical organization, but with respect to chirality, only a slight
enantiomeric excess. Thus the attachment of lignin (basically racemic) to
polysaccharide (chiral) will generate diastereoisomerism and, in the case of NMR,
signal “smearing.” This makes confident assignments difficult, especially when
appropriate models are not available. It is hoped that in the near future the
application of more sophisticated NMR techniques (digital oversampling, pulse-field
gradients, etc.) will ameliorate this problem (3).

Points to Ponder.

Efforts to fully describe the chemical nature of LC bonds will require the
application of new techniques as well as the use of unconventional strategies. In an
effort to provide some new thinking on the subject, a theory is offered to
mechanistically explain y-alkyl ethers. This is followed by a cursory mention of
some of the new techniques that may provide an insight into this old question.

As the structural bonding patterns determined by NMR indicate only one
possible site of attachment of carbohydrates to lignin (y-alkyl ether), one must
consider how such a linkage could be formed. The hemicelluloses of woody plants
contain relatively large amounts of 4-O-methyl D-glucopyranosyl uronic acid
moieties glycosidically linked to the xylan backbone. While uronic acids are
relatively stable to acid, in alkaline environments they can rearrange to hexenuronic
acids. Interestingly, this process is analogous to the mechanism of glycosidic bond
cleavage for carbohydrates linked to the 4-position of uronic acids (Figure 5). If such
a hexenuronic acid were to form, it would be susceptible to nucleophilic attack at the
4-position. Could the purpose of the 4-O-methyl group on uronic acids in xylans be
to provide a leaving group for eventual connection to lignin? Although this is
speculation, it is clearly a mechanistic possibility for the formation of LC bonds
during kraft cooking.
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Removal of the 4-O-substitution can lead to a hexenuronic acid which can undergo
nucleophilic substitution to provide a 4-linked structure.
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Consideration must also be given to the chemistry of uronic acid groups. In an
effort to generate a series of model compounds that depict potential LC bonds, several
lignin-uronic acid esters were made (26). During their isolation and characterization,
it was observed that a migration between the o.- and y-positions could occur in the
presence of water, with the y-position being thermodynamically favored. If such is
the case, even if an o-ester was formed via a quinone methide, it may eventually
migrate to the y-position. Thus any method which is only looking at o-linkages may
not detect it. Another novel reaction of uronic acids is their ability to form internal
6,3-lactones. Such methods which rely on titration may over-estimate LC bonds, as
the lactone would be erroneously attributed to LC bonds.

What can we do to ascertain the regiochemical nature of LC bonds? First, one
must pay closer attention to substrate selection. Woods species need to be carefully
chosen, and efforts must be made to eliminate or purposely select for reaction and
normal woods. One may also want to consider using the more sophisticated analysis
techniques which rely on much smaller sample sizes. For example, carbohydrates
can be detected on the picomolar level using capillary electrophoresis (48,49).
Extremely small wood samples can be isolated and submitted to analysis.
Recombinant cellulases are available which can more cleanly remove cellulose
without breaking down the hemicelluloses or pectin. Finally the newer mass
spectroscopic techniques such as MALDI-TOFF (50) should allow the desorption,
ionization and detection of larger polymeric materials, allowing for mass
spectroscopic evidence for lignin-carbohydrate adducts.

Summary

While no direct evidence has been presented for lignin-carbohydrate bonds in wood,
it is almost a certainty that such bonds exist. Problems in detecting them come from
the choices made in substrates and substrate preparation. While the quinone methide
mechanism has been the sole route described for the formation of such bonds, the
presence of higher levels of LC bonds in reaction wood and the failure to detect oi-
alkyl ether bonds by NMR would appear to refute this mechanism. Alternatively,
more biologically-based processes may be involved, and may operate through the y-

hydroxyl group.
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Chapter 6

Structural Heterogeneity of Hardwood Lignin:
Characteristics of End-Wise Lignin Fraction

Keko Hori and Gyosuke Meshitsuka

Laboratory of Wood Chemistry, Department of Biomaterial Sciences,
Graduate School of Agricultural and Life Sciences, The University of Tokyo,
1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan

The authors have investigated the structural heterogeneity of lignin, in
particular, heterogeneous distribution of various types of linkages and
aromatic structures. A (3-0-4 rich endwise lignin fraction was found in
earlier studies in the low molecular weight part of birch periodate
lignin and a phenylcoumaran rich fraction in TMSil-depolymerized
periodate lignin. In this study, a periodate lignin from diazomethane-
methylated wood meal was partially depolymerized by stepwise
TMSil treatment and the low molecular weight fractions obtained
were characterized in comparison with those from milled wood lignin
(MWL). It was found that the low molecular weight fractions,
particularly acetone soluble fractions from periodate lignin, were rich
in B-0-4 linkages and syringyl units. This was a confirmation of the
endwise type lignin fraction in a polymer lignin.

Lignin structure contains various types of linkages and aromatic nuclei, and their
heterogeneous distributions have been reported for different wood components, such
as vessels, wood fibers, ray cells, and so on. As it has been demonstrated in DHP
preparations, the bonding pattern of lignin is expected to be highly dependent on
lignification conditions. Endwise type and bulk type lignins are understood to be
formed by slow and rapid supply of monomers respectively to the lignification site
(1). The highly condensed nature of compound middle lamella lignin should be
attributed to the latter condition.

The heterogeneous distribution of different aromatic structures and linkage types
was also examined by the isolation of cell wall fractions, such as middle lamella and
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secondary wall (2-4). Another interesting point is the structural heterogeneity in a
lignin molecule. In our earlier study (5), a p-0-4 and syringyl rich fraction was found
in a low molecular weight fraction of birch periodate lignin. This fraction had a
molecular weight comparable to birch milled wood lignin, and more than 85% of the
aromatic structures were estimated to be syringyl units. Although very small amount
of B-P and B-1 type linkages were confirmed, B-5 (phenylcoumaran) type linkage
were not found by 2D-NMR spectroscopy. This fraction was predominantly
composed of B-0-4 linkages and was a typical endwise lignin fraction. Although
obtained from the low molecular weight lignin fraction, this was the first
experimental evidence of the endwise lignin fraction.

In order to discuss the structural heterogeneity in the high molecular weight
fraction of lignin, a periodate lignin from birch wood was partially depolymerized by
trimethylsilyl iodide (TMSil), and the low molecular weight lignin fraction formed by
the treatment was examined (6). It was interesting to note that a phenylcoumaran rich
fraction was obtained at a very low yield by TMSil treatment. Contribution of
phenylcoumaran type structures in this fraction was éstimated to be at least 45%.
Since TMSil was known to cleave a- and B-ether bonds under very mild condition (7-
9), the above fraction must be liberated from the polymer lignin by ether bond
cleavage.

In this study, in order to further investigate the structural heterogeneity of
polymer lignin, the high molecular weight fraction of a periodate lignin prepared from
diazomethane methylated birch. wood meal was degraded gradually by repeated
TMSII treatments. The low molecular weight fractions thus formed were
characterized to find the contributions of endwise type and bulk type lignin fractions
in a polymer lignin. Periodate lignin first proposed by Purves (10) is an isolated
lignin prepared almost quantitatively from wood meal without artificial condensation
but with some oxidation at free phenolic units. Therefore, if the oxidative structural
changes of lignin can be avoided by some pre-treatments, it will be a desirable lignin
preparation. For this reason, a periodate lignin prepared from diazomethane
methylated wood meal was used as a lignin sample in this study.

The same stepwise depolymerization procedure was applied also to a birch
MWL to see its structural heterogeneity and thereby discuss its origin in the cell wall.
MWL has long been used for lignin structural studies as a standard lignin preparation
with negligible structural modification. It should be considered, however, that the
yield of MWL is generally not high enough to be representative of all lignin in wood.
In our earlier study, total yield of MWLs from birch wood meal by stepwise milling
for 216 hr, was less than 30% of the lignin in the original wood meal (11). Although
the yield may be increased under different milling conditions, it is not realistic to
prepare MWL quantitatively. Another drawback of MWL is that its structural
heterogeneity depends on yield. It has been previously reported (11) that the
chemical structure of MWL extracted at the initial milling stage was quite different
from the fractions extracted later. The former fraction was quite rich in guaiacyl units
and was highly condensed. When subjected to nitrobenzene oxidation, the initial

In Lignin: Historical, Biological, and Materials Perspectives; Glasser, W., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1999.



Publication Date: November 30, 1999 | doi: 10.1021/bk-2000-0742.ch006

Downloaded by PENNSYLVANIA STATE UNIV on June 8, 2012 | http://pubs.acs.org

174

fraction has a syringaldehyde to vanillin ratio of 1.0 as opposed to a ratio of 2.59 for
the total lignin. Therefore, it is very important to keep in mind that MWL originates
from a special part of lignin in the wood cell wall. Based on separate studies on
lignin from the differentiating xylem (12-17), the authors concluded that MWL from
hardwood, at least the initial fraction, originated from the compound middle lamella.

Experimental

Preparation and Treatment of Periodate Lignin. The scheme for the preparation
of periodate lignin fractions is shown in Figure 1. Pre-extracted birch wood meal was
methylated with diazomethane for 1 week at room temperature until the yellow color
of the diazomethane-diethyl ether solution became stable. This methylated wood
meal was then used for the preparation of periodate lignin according to the previous
study (5). The periodate treatment was repeated to improve the lignin purity, which
was found to be 83.4% by the Klason lignin determination method.

The periodate lignin was pre-extracted with dioxane/water (9/1). The extracted
solution was evaporated to dryness and acetylated with acetic anhydride/pyridine at
room temperature for 1 day. The reaction mixture was poured into cold water and
extracted with dichloromethane/acetone (2/1). The organic layer was washed with
hydrochloric acid and water, dried over Na;SOy, and evaporated to dryness. Then the
lignin fraction was completely extracted with methanol and then acetone to give PIL-
M1 and PIL-Al. L .

The fraction of the periodate lignin which was unextracted with aqueous dioxane
was acetylated with acetic anhydride/pyridine under the previous conditions. The
reaction mixture was poured into cold water and acetylated lignin was collected as
precipitate by centrifugation. The acetylated lignin was treated with TMSil in dry
chloroform at 0°C for 3hr. In this case, the amount of TMSil required was about one
twentieth of the full treatment of MWL in the earlier study (8). After this treatment,
the reaction was stopped by adding pyridine and water according to the previous
study (9). The reaction mixture was filtered and the pfecipitates washed with a small
amount of chloroform. The filtrate and the washings were combined and washed
with hydrochloric acid and water to remove HI and pyridine from the reaction
mixture. This filtrate and the precipitates were combined, evaporated to dryness, and
extracted to obtain the newly formed low molecular weight fractions of PIL-M2 and
PIL-A2, respectively. These TMSII treatment procedures were repeated three more
times to obtain PIL-M3 to PIL-MS5 and PIL-A3 to PIL-AS5, respectively, as shown in
Figure 1.

Preparation and Treatment of Milled Wood Lignin. The scheme for the
preparation of MWL fractions is shown in Figure 2. MWL was extracted with 90%
aqueous dioxane from birch wood meal ball-milled for 72hr and then purified under
ordinary conditions. MWL was acetylated by the same procedure as for periodate
lignin. Acetylated MWL was extracted with methanol to obtain ML-M1. The
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Figure 1. Fractionation of periodate lignin by stepwise TMSiI treatment.
* Yield: baed on original periodate lignin.
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Figure 2. Fractionation of milled wood lignin by stepwise TMSil treatment.
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insoluble fraction (ML-A1) was treated with the same amount of TMSIl as for
periodate lignin. The newly formed low molecular weight fraction was extracted
with methanol after acetylation. These procedures of TMSil treatment were repeated
two more times as shown in Figure 2.

Chemical Analyses of Various Lignin Fractions. Acetylated periodate lignin
fractions and acetylated MWL fractions after TMSII treatment were analyzed by H-
NMR, GPC and alkaline nitrobenzene oxidation.

'H-NMR spectra of Smg acetylated lignin samples dissolved in 0.5ml CDCl;
were recorded on a Bruker AC300 spectrometer and their chemical shifts were
referenced to CHCl;. The data matrix was 32k and 512 or 1024 scans were
accumulated.

Molecular weight distribution of lignin samples were measured by HPLC system
of Showa Denko Co. Ltd. and GPC columns of Shodex KF-801, 802, 803 for
periodate lignin fractions or Shodex KF-801, 802 for MWL fractions. The eluent
was THF and its flow rate was kept at 1ml/min.

Alkaline nitrobenzene oxidation of lignin samples was conducted in a 10ml
volume stainless steel autoclave under the following conditions: sample weight 5-
10mg, 2M NaOH 4ml, nitrobenzene 0.25ml, 170°C, 2hr. After the reaction, ethyl
vanillin was added to the reaction mixture as the internal standard and the mixture
was extracted with dichloromethane mainly to remove nitrobenzene and its reaction
products. The reaction mixture was then acidified with hydrochloric acid and
extracted with dichloromethane followed by diethyl ether. These solutions were
combined and evaporated to dryness. Phenolic reaction products were determined by
GLC as trimethylsilyl ethers. The conditions for GLC were as follows: columns
Neutrabond-1 (0.25mm x 30m), columns temperature 150-280°C, 5°C/min, carrier
gas He, injection temperature 280°C, detector FID. The results of alkaline
nitrobenzene oxidation are shown as the average of two or three determinations.

Results and Discussion

Structural Characteristics of Periodate lignin Fractions. Periodate lignin used for
the previous studies (5,6) was prepared from birch wood meal without protecting the
free phenolic hydroxyl groups, so some structural changes must have occurred during
its preparation. This might have caused the very low yield of periodate lignin itself
and the lack of an endwise type lignin fraction in the low molecular weight fractions
obtained after the partial cleavage of ether bonds by TMSil treatment. Therefore, in
this study, birch wood meal pre-methylated with diazomethane was used for the
preparation of periodate lignin.

The periodate lignin fraction used for TMSil treatment was the high molecular
weight fraction, since the low molecular weight fraction originally present in the
periodate lignin was removed by aqueous dioxane extraction.

In Lignin: Historical, Biological, and Materials Perspectives; Glasser, W., et a.;
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Since the high molecular weight fraction of acetylated periodate lignin was
sparingly soluble in the chloroform used as the solvent in the TMSIl treatment,
dissolution was accomplished under heterogeneous conditions. As shown in Figure
1, yields of the low molecular weight fractions were 7.38 % as PIL-A series and 12.1
% as PIL-M series, for a total of 19.5 % based on original periodate lignin. The
highest yields in these fractions were observed for A2 (5.5 %) and M2 (5.1 %), then
gradually decreased to A5 (0.45 %) and M5 (0.88 %). Therefore, it was assumed that
an increased yield of the low molecular weight fraction would not be obtained with
additional TMSil treatments. It appears that most of the lignin fraction which was
the source of the low molecular weight fraction in the TMSIl treatment, was already
liberated from the polymer lignin by this stage.

Structural characterization of each low molecular weight lignin fraction obtained
by the stepwise TMSil treatment was based on 'H-NMR spectra and alkaline
nitrobenzene oxidation. Syringyl unit to guaiacyl unit ratio (S/G ratio) was calculated
based on the number of the aromatic protons in the corresponding, regions in the 'H-
NMR spectra. Those weré 6.2ppm to 6.9ppm for syringyl protons and 6.6ppm to
7.1ppm for guaiacyl protons, and calculated by image analysis. Figure 3 shows the
'H-NMR spectrum of PIL-A2. It is obvious that this lignin fraction is quite rich in
syringyl unit and B-0-4 type structure (Ho: 5.9-6.1 ppm). It is difficult to confirm
phenylcoumaran type structure (Ho:: 5 18-5.74 ppm) in this spectrum. Although there
must be some condensed guaiacyl units, their contribution in this syringyl and B-0-4
rich lignin fraction should be quite low. Therefore, for S/G ratio calculation, two
protons in syringyl units and three protons in guaiacyl unit were assumed. S/G ratios
are shown in Table I and Figure 4, together with S/V ratio obtained by nitrobenzene
oxidation. It is obvious that these two ratios are generally high for the PIL-A series
compared with the PIL-M series. PIL-A2 had remarkably high S/G and S/V ratios
(7.45 and 5.94, respectively). These high values for PIL-A2 may indicate that about
90% of the structural units in this fraction are syringyl types. Fractions in the PIL-M
series had S/G and S/V ratios similar to those of original PIL and residue (finally
insoluble fraction). Therefore, the syringyl-rich parts in the original periodate lignin
were preferentially liberated as low molecular weight fractions of the PIL-A series by
the stepwise TMSIl treatment.

As far as other linkage types in these low molecular weight fractions,
contribution of pinoresinol (B-B) type linkages (Ha: 4.7 ppm, HB: 3.1 ppm) was
almost negligible. Although contribution of diaryl ether and biphenyl type linkages
were not evaluated, the PL-A series is quite likely to be the endwise type lignin
fraction. This was a confirmation of the endwise type lignin fractions in a polymer
lignin,

Molecular weight distributions of these fractions evaluated by Gel Permeation
Chromatography (GPC) are shown in Figures 5 and 6. The PIL-A series showed two
peaks or shoulders at Mw around 18000 and 8000, judging, from polystyrene
standards. Although this was not true for all of the fractions, PIL-A2 had a sharp
peak at the latter position together with a shoulder at the former. PIL-A4 showed a
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very sharp peak at the former position and only a slight shoulder was observed at the
latter position. Since the PIL-A series has the structural characteristics of endwise
type lignin as mentioned above, the molecular weight shown here indicated the
possible size of the endwise lignin fraction in polymer lignin. An endwise lignin
fraction of Mw 18000 indicates that about one hundred units are mostly linked by B-
0O-4 bonds as shown in Figure 7. The reason these two peaks or shoulders appear in
these GPC chromatograms is not clear at this moment and will be discussed in a
following paper. As shown in Figure 6, lignin fractions in PIL-M series show a weak
shoulder at a Mw around 18000 and a peak at Mw 5500.

Table I. Structural Characteristics of Periodate Lignin Fractions
PIL PIL-Al PIL-A2 PIL-A3 PIL-A4 PIL-AS

Structural Abundance by NMR

Pinoresinol (B) + + t + +

Phenylcoumaran (o) + + + + +

B-0-4 (o) 1.00 1.00 1.00 1.00 1.00

Syringyl (2, 6) 1.86 1.64 1.48 1.73 1.36

Guaiacyl (2, 5, 6) 0.29 0.22 0.33 0.36 0.52
Nitrobenzene Oxidation

Total Aldehyde (%) 157 119

S/\ Ratio 292 462 5.94 5.43

PIL-M1 PIL-M2 PIL-M4 Residue

Structural Abundance by NMR

Pinoresinol (B) + + +

Phenylcoumaran (o) 0.05 + 0.03

p-0-4 (o) 1.00 1.00 1

Syringyl (2, 6) 1.46 1.46 1.32

Guaiacyl (2, 5, 6) 0.82 0.37 0.52
Nitrobenzene Oxidation ‘

Total Aldehyde (%) 8.1 152 14.6

S/V Ratio 2.27 3.63 3.14 2.88

*All lignin samples were acetylated before analyses.

Structural Characteristics of Milled Wood Lignin. Since acetylated MWL is
soluble in chloroform, TMSII treatment was accomplished under homogeneous
conditions. Total yield of the methanol soluble low molecular weight fractions
obtained by TMSIl treatment was about 6.2% based on original MWL and about 15%
based on ML-M1 which was the methanol insoluble fraction of the original MWL.
Molecular weights of these fractions were always around Mw 3000 at the peak
position except for a very low value of ML-M1 (Figure 8).
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Structural characteristics of methanol soluble fractions (ML-M2 to ML-M4)
formed by partial ether bond cleavage of MWL using TMSIl are shown in Table II
and Figure 9. It is important to note that any one of these fractions does not show
obviously different structural characteristics from the original MWL itself, although
there are some differences between samples. Signals attributed to the B-proton of the
pinoresinol structure and the o-proton of phenylcoumaran structures were always
found in 'H-NMR spectra of these fractions. In MWL, it is difficult to find an
endwise type lignin fraction like the case of PIL-A series. The S/V ratio by
nitrobenzene oxidation did not show clear differences between the original MWL and
MWL fractions, although total aldehyde yields were scattered for unknown reasons.

Table II. Structural Characteristics of Milled Wood Lignin Fractions
MWL ML-Al ML-MI ML-M2 ML-M3 ML-M4

Relative Area by NMR
Pinoresinol (B) 0.01 0.03 0.02 0.04 0.03 0.03
Phenylcoumaran (o) 0.09 0.07 0.09 0.06 0.03 0.14
B-0-4 (o) 1.00 1.00 1.00 1.00 1.00 1.00
Syringyl (2, 6) 217 246 2.25 2.85 2.56 222

Guaiacyl (2, S, 6) 2.67 337 4.06 242 424 2.76
Nitrobenzene Oxidation

Total Aldehyde (%) 25.4 204 20.0 26.3 23.1 18.0

S/V Ratio 2.10 2.00 1.90 2.22 1.86 2.02
*All lignin samples were acetylated before analyses.

[ S/G ("H-NMR)
1 l S/V (nitrobenzene oxidation)

S/V or SIG

MWL Al Ml M2 M3 M4

Figure 9. S/G and S/V ratio of milled wood lignin fractions.
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In other words, it may be reasonable to say that MWL has a relatively homogeneous
structure and does not contain a typical endwise type fraction. This may support our
earlier conclusion that hardwood MWL basically originates from the compound
middle lamella in wood.

Conclusions

1.

Endwise lignin fractions were confirmed in the polymer fraction of birch wood
periodate lignin by stepwise cleavage of a- and B- ether bonds by TMSil
treatments.

Possible size of an endwise lignin fraction was estimated to be one hundred lignin
structural units. B-0-4 bonds in this fraction link most of the units.

Birch milled wood lignin has a homogeneous structure and does not contain an
endwise lignin fraction.
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Chapter 7

Molecular Orbital Calculations
on the Interaction of Veratryl Alcohol
with the Lignin Peroxidase Active Site

Thomas Elder' and David C. Young®

!School of Forestry, Auburn University, Auburn, AL 36849
2Alabama Research and Education Network, Nichols Research
Corporation, Auburn, AL 36849

Ab initio calculations for the lignin peroxidase active site and veratryl
alcohol have been performed at the STO-3G level using the
unrestricted Hartree-Fock approximation for open-shell species. These
results are interpreted in terms of edgewise interactions between the
catalyst and substrate.

During the recent past, considerable interest has been focused on the white rot
fungus Phanerochaete chrysosporium and the lignin peroxidase enzyme (E.C.1.11.1))
thereof, as a catalyst for lignin oxidation. Such reactions have various potential
industrial applications including biobleaching of pulp and the removal of chlorinated
organics from waste waters (7).

To date, three x-ray diffraction solutions of the lignin peroxidase structure
have been deposited with the Brookhaven Protein Data Bank, with accession numbers
pdbllga (2) (Figure 1a), pdblllp and pdblgpa. The active sites of all three structures
are quite similar, with the only consistent geometric differences occurring in the vinyl
pendant groups.

Lignin peroxidase, with an iron protoporphyrin IX prosthetic group
coordinated to a histidine (Figure 1b), initially reacts with hydrogen peroxide to
produce compound I (3). Due to the isolated nature of the lignin peroxidase active
site and the size of the lignin macromolecule, veratryl alcohol, a secondary metabolite
of Phanerochaete chrysosporium has been proposed as a mediator that undergoes an
initial enzymatic oxidation and subsequently oxidizes the lignin polymer (4).
Compound I, a cation radical with three unpaired electrons, is proposed to oxidize
veratryl alcohol by a single electron transfer mechanism resulting in the veratryl
alcohol cation radical and Compound II, which is neutral with two unpaired electrons,
as summarized in Figure 2a. Furthermore, the geometry of interaction between the

186 © 2000 American Chemical Society
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substrate and active site has been discussed in studies of cytochrome C peroxidase and
guaiacol (5), wherein a co-planar, edgewise approach has been proposed (Figure 2b).

Due to the general biological significance of the metalloporphyrins and the
enzyme systems in which they occur, including lignin peroxidase, these compounds
have been extensively studied using the methods of theoretical chemistry. This has
been reviewed for the iron porphyrins by Loew (6), with particular attention to the
varying oxidation states that may be exhibited, the calculation of electronic absorption
spectra, and dynamic aspects of binding to the iron complexes. The heme group has
also found application as a model system for the active site of peroxidase enzymes (7,
8) with complementary work reported for a number of substrate molecules (9,10).
Work on the active site of peroxidase enzymes has involved cytochrome P450 (11-13)
and, notably, the electronic absorption spectra, spin densities, and proton transfer
reactions of cytochrome ¢ peroxidase (/4-16). The calculations have been largely
executed using a version of INDO (intermediate neglect of differential overlap), a
semi-empirical molecular orbital method, that has been specifically parameterized for
transition metals and the prediction of spectral properties (17).

Recently, results from density functional theory (DFT) calculations on a
peroxidase model have been reported by Kuramochi et al. (/8). This work
characterized the electronic structure of compounds I and I, using a triple-{ basis set,
and calculated Mossbauer spectrum parameters that agreed well with experiment.
Related research has applied restricted Hartree-Fock and complete active space SCF
calculations to iron porphyrin-pyridine complexes (9, 20).

Using the crystallographic structure for the lignin peroxidase active site, the
current work reports on unrestricted Hartree-Fock (UHF) calculations for the open-
shell compounds I and II, and the veratryl alcohol cation radical at ab initio levels of
approximation. The UHF method constructs orbitals describing the o and B electrons
of free radicals separately and is a more general solution to the electron density
problem than the restricted calculations (21). The UHF calculations are more rapid to
perform than the restricted methods, but may suffer from the problem of spin
contamination (i.e. spin states other than the one specified may be mixed into the
solution, possibly leading to energies that are too low and unrealistic spin densities

(22)).
Methods

Given the structural similarities among the three available lignin peroxidase structures,
the structure of Poulos et al. (2) was selected as basis for the current work. The heme
and coordinated histidine (His-176), were extracted for subsequent calculations.

As a first step, an oxygen was added to the iron center of the active site and
the whole structure was relaxed using the Universal Force Field (23). This was done
to relieve any crystal packing forces that might have been distorting the structure, and
to provide a reasonable Fe-O distance. The optimized structure was found to be not
dissimilar to the original, maintaining slight puckering and non-planarity within the
porphyrin system. Next single-point UHF/STO-3G calculations were performed, for
compound I (charge=+1, multiplicity=4) and compound II (charge=0, multiplicity=3).
In order to verify the identification of a reasonable electronic ground state, and insure
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an open-shell structure with minimal spin contamination, the wave functions were
varied by exchanging selected molecular orbitals representing the a-electrons. STO-
3G calculations were also done for the neutral, closed-shell veratryl alcohol (Figure
1b) and the cation radical, using HF and UHF methods respectively.

For examinations of the interaction between veratryl alcohol and the lignin
peroxidase active site, the reaction geometry proposed by DePillis (5) was
approximated, and distances between the groups were set at about 5 and 10 A.
Charge was maintained at +1 and the multiplicity was kept at 4. Single-point
UHF/STO-3G calculations were performed on these complexes.

All molecular orbital calculations were performed using Gaussian 94, Revision
E2 (24) on a Cray-C90, maintained in Huntsville, Alabama by the Alabama
Supercomputer Authority. Unichem, licensed from Oxford Molecular, running on a
Silicon-Graphics Indigo2 workstation in the Department of Chemistry at Auburn
University, was used as a graphical interface.

Results

Compound 1. The properties of the various states of compound I, identified by
exchanging the specified molecular orbitals are as indicated in Table 1. While the
exchange of the HOMO and LUMO (orbitals 207 and 208) gave the lowest energy,
not unexpectedly, an increase in the spin contamination was also found. Furthermore,
exchanging 206 with 208 resulted in unrealistic values for both charge and spin
density. (The theoretical spin density for this compound is 3.75).

Table 1. Properties of Compound I

E(UHF) Charge | Charge| Spin| Spin

(hartrees) <§2> Fe O | density | density

Fe 0

| original state -3,661.97327 | 476 125] -050] 470 -0385

207 exchanged with 208 | -3,662.04833 | 19.61 1.25 -0.50 4.73 -0.87
207 exchanged with 209 | -3,661.91515 5.03 1.19] -047 0.91 1.05
206 exchanged with 208 | -3,661.95976 | 17.44 1271 -0.03 -0.93 1.77

Both the initial calculation and the 207-209 exchange resulted in lower spin
contamination, with the latter state having a slightly higher energy. Based on
Mulliken charges (Table 1, Figure 3a,b), these two states are quite similar. In both
cases, the iron possesses a large partial positive charge, while the coordinated oxygen
has a large partial negative charge. These values are in qualitative agreement with the
literature. Given these results, however, it must be borne in mind that charge
calculations are extremely dependent on the basis set that is used (25). The current
values are presented only for internal comparison. Furthermore, it has been
documented that the use of more sophisticated basis sets does not lead to converging
Mulliken charges (25), such that the use of higher levels of theory offers no readily
apparent advantage over the minimal basis set used in the current work.
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It can be seen, however, that there are striking differences between these two
states with respect to the spin density (Table 1, Figure 4a,b). Restricted open-shell
calculations on related model compounds resulted in values of 1.10-1.91 for iron and
0.06-0.89 for the oxygen, with most of the values toward the upper end of this range
(19,20). Unrestricted density functional theory calculations gave values of 1.15-1.24
and 0.98-0.99, for the iron and oxygen, respectively. Based on these results, it would
appear that the state arising from the exchange of orbitals 207 and 209 is more
consistent with the literature, indicating an appreciable level of spin density on the
oxygen. Furthermore, as can be seen from Figure 4b, this state also has substantial
spin density on the meso-carbons, possibly supporting the edgewise reaction geometry
proposed in the literature (2,5). Preliminary restricted open-shell calculations on the
lignin peroxidase active site have resulted in spin densities that are in accord with the
literature, and will be reported elsewhere.

Concomitant with the range of spin densities reported for iron porphyrin
compounds is a controversy over the nature of the ground state of compound I, as
manifested by orbital symmetry. The two states, designated a,, and ay, in the
porphyrin literature (6), have been found to be energetically similar (a difference of
0.15eV has been reported from density functional calculations), and sensitive to
substituents on the porphyrin ring, and the nature of the axial ligand (6). The orbital
plots from the current calculations (Figure 4c,d) are consistent with the previously
reported symmetries, such that the original, lower energy, structure is a,, while the
state identified by 207-209 exchange, is a,,.

Compound II The reduction of compound I, by the abstraction of an electron from
veratryl alcohol results in compound II, with an energy of ~3661.96781 hartree. An
electronic state was identified with a spin contamination value of 2.13, which
compares favorably with the theoretical value of 2.0. Perhaps owing to the low <§2>
value, the spin densities for the iron (0.97) and oxygen (1.01) compare favorably with
the recent literature (Yamaguchi et al. 1997). Graphically, it can be seen that the spin
density, while concentrated on the Fe=0 bond, is also present on the porphyrin ring
(Figure 5b), albeit to a smaller extent than in Figure 3b. This might be interpreted in
terms of the lower number of unpaired electrons in compound II. As also might be
expected, the partial positive charges on the meso-carbons are smaller upon reduction
(Figure 5a). A perturbation in the HOMO can also be seen (Figure 5c).

Veratryl alcohol. Semi-empirical results have been reported for the electronic
structure of both veratryl alcohol and its cation radical (26). In the interest of
consistency and in order to allow direct comparisons with the porphyrins, however,
STO-3G ab initio calculations have been completed and will be reported here. Results
for Mulliken charge and orbital plots are shown in Figure 6a,b and c. As was the case
for the proposed reaction channel in compound I, veratryl alcohol generally exhibits
small partial negative charges, with the exceptions being positions 3 and 4 with
methoxyl substituents. Although the partial positive charges involved are small,
invoking coulombic forces to account for the interactions of the reactants might be
questionable. It can be seen, however, that veratryl alcohol has a large, well
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Figure 3. Mulliken charges for a) a,, state, b) a, state, for Compound L
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Figure 3. Continued.
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distributed HOMO, that may be capable of overlap with the porphyrin. The ab initio
energy was found to be —565.11094 hartree

Veratryl alcohol cation radical. The Mulliken charges found for the veratryl alcohol
cation radical are similar to the ground state (Figure 6d), and as has been reported in
the previous semi-empirical work, the SOMO (singly occupied molecular orbital)
(Figure 6¢) of the cation radical is similar to the HOMO of the ground state. The spin
density of the cation radical is as might be expected from resonance structures, with
the bulk of the unpaired density present on C-1, C-3, C-5 and the C-4 oxygen (Figure
6f), and a UHF energy of —-564.98216746 hartree.

Interactions between lignin peroxidase active site and veratryl alcohol. The
structures used to study the interaction of veratryl alcohol and the heme active site are
as indicated in Figures 7 and 8. Using the ay, state for compound I, the oxidation
reaction is found to be exothermic at a level of 0.13424 hartrees (84.234 kcal/mole).
In comparing the charge differences as the veratryl alcohol approaches the heme, there
appear to be few large changes among the positions that are getting closer to each
other. It is interesting to note, however, that the coordinated oxygen has gone from
having a large partial negative charge to a slight partial positive charge as the
separation decreases (Figure 7a, 8a). There are obvious changes occurring as a
function of distance in both the spin density (Figures 7b and 8b) and spatial
distribution of the HOMO (Figures 7c and 8¢). The increase in unpaired density on
the veratryl alcohol at the smaller separation may be indicative of the electron loss that
occurs in the oxidation reaction. Also, at the closest approach the HOMO plot shows
a distortion towards the veratryl alcohol.

Conclusions

In the current work, the lowest energy state for the lignin peroxidase active site is
found to exhibit the a,, symmetry that has been previously identified and reported in
the literature for related compounds. Furthermore, when the catalytic site and veratryl
alcohol substrate are in close proximity, an increase in spin density can be observed
within the veratryl alcohol, indicative of the single electron transfer reaction.

From a methodological standpoint, the results for the lignin peroxidase active
site, obtained by the use of the UHF approximation, are the basis for a comparison
with other theoretical methods. It is apparent from this work that the transition
metals, with partially filled d-orbitals and range of possible oxidation states, are
intrinsically difficult to address using theoretical methods. The identification and
verification that a specified electronic state has been found for an organometallic
complex is a non-trivial undertaking. Furthermore, for the compounds in question in
this paper, the literature is replete with results that vary with computational methods.
While this is initially disturbing, it should be no more surprising than the well-accepted
differences in molecular weights of polymers that are found by different analytical
methods. Ongoing work will be concerned with a systematic .comparison of
theoretical methods and structure-activity relationships for varying catalysts.
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Figure 5. Compound II a) Mulliken charges, b) spin density, c) HOMO.
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Figure 8. Interunit separation ~10A a) Mulliken charges, b) spin density,
¢) HOMO.
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Chapter 8

Lignin Influence on Angiosperm Sapwood Susceptibility
to White-Rot Fungal Colonization: A Hypothesis

Tor P. Schultz and Darrel D. Nicholas

Forest and Wildlife Research Center and Forest Products Laboratory, Box 9820,
Mississippi State University, Mississippi State, MS 39762-9820

It has long been recognized that angiosperm sapwood in nature is usually
degraded by white-rot fungi. This susceptibility to white-rot fungi is
generally believed to be due to the structure and concentration of
angiosperm lignin. However, an explicit explanation as to why lignin
structure and/or concentration makes a particular wood vulnerable to
white-rot fungal colonization and subsequent degradation has apparently
never been given. We propose that phenolic groups in wood, such as
those present in the lignin or heartwood extractives, can act as free radical
scavengers (antioxidants) to inhibit the various white-rot free radical
degradative mechanisms. Consequently, the presence of a relatively high
phenolic “density”, such as that in gymnosperm sapwood or angiosperm
heartwood, may retard white-rot colonization. Conversely, white-rot fungi
may rapidly colonize wood with a relatively low free phenolic content,
such as angiosperm sapwood. Once a wood is colonized, subsequent
antagonistic factors known to exist among fungi may give the advantage
to the principal fungus present rather than fungi with fast decay rates
(based on rates measured using monocultures in the laboratory). The
complex structure of angiosperm wood where different cell types have
different amounts and types of lignin — and consequently different
phenolic “densities” — influences the susceptibility of angiosperm wood
to initial white-rot colonization and, perhaps, also the subsequent decay
rate. In addition to the free phenolic “density” and amount and bioactivity
of any extractives present other factors undoubtedly also affect the decay
resistance of a particular wood.
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Introduction

In this paper we propose that sapwood susceptibility to white-rot fungal
colonization and subsequent degradation is related to phenolic “density” [with the
decay resistance of heartwood related to both this factor and the bioactivity of the
extractives]. Consequently, wood with a low phenolic “density”, such as
angiosperm sapwood, is more vulnerable to white-rot colonization and subsequent
degradation than wood which has a high phenolic “density” such as gymnosperm
sapwood or angiosperm heartwood. This hypothesis is developed in part from our
-earlier work on the natural durability of angiosperm heartwood where we suggested
that angiosperm heartwood extractives play a’ dual role in natural durability:
extractives have some limited fungicidal activity and are also excellent free radical
scavengers and thus inhibit the various fungal free radical degradation pathways (J).

This article is a discussion of our tentative hypothesis and consequently does not
have experimental results followed by discussion and conclusions. Instead, an effort
is made to review prior work in this area and discuss how some of these results
support our hypothesis.

Discussion

Large volumes of wood/lumber are treated with various biocides [wood
preservatives] to form a product resistant to fungal and insect degradation. The
major wood preservatives used today in the US are CCA [chromated copper
arsenate], pentachlorophenol and creosote. Recent environmental concerns have
resulted in these biocides being scrutinized by various governmental agencies, and
use of pentachlorophenol and/or CCA is restricted or banned in many countries.
Consequently, many organizations are trying to develop alternative,
environmentally-benign wood preservatives.

The heartwood of some trees has considerable resistance against fungi. As part of
our effort to develop environmentally-benign wood preservatives, we have studied
the role which extractives, particularly stilbenols, play in the natural durability of
angiosperm heartwood (I, 2). Particularly intriguing to us was recent work (3)
which reported that white-rot fungi are believed to initially disrupt xylem cell walls
using free radicals to increase the pore size (4) so that the relatively large
extracellular fungal enzymes can then penetrate the cell wall. Backa’s et al. report,
combined with the common knowledge that extractives are excellent antioxidants
and dispersed throughout the cell wall, suggested that extractives may prevent the
cell wall from being perturbed or “opened up” by free radicals during the initial
attack by white-rot fungi. The above reasoning and related experimental work (5)
led us to propose (/) that extractives protect angiosperm heartwood against white-
rot fungal degradation by: A) extractives having some fungal activity; and B)
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angiosperm phenolic extractives being effective antioxidants and protecting wood
from fungal free radical oxidative-type degradations.

It is well known that angiosperm sapwood in nature is highly susceptible to white-
rot fungal degradation. While the exact reason for this vulnerability is not known,
research has indicated that the different types of lignin in angiosperm and
gymnosperm sapwoods, and possibly also the amount of lignin, are significant
factors (6, 7). However, the exact reason why lignin type influences the
susceptibility of a particular wood to white-rot colonization and subsequent
-degradation has not been proposed. In reviewing these reports we wondered if the
presence of phenolic groups, which should be antioxidants, may influence the
susceptibility of a particular sapwood to white-rot degradation. This susceptibility
would be related to our earlier hypothesis (1) that the natural durability of
angiosperm heartwood may be influenced by fungicidal extractives which are also
antioxidants. Since almost all free phenolic groups present in normal sapwood are
due to the lignin component, we decided to see if data in prior studies indicate that
a low phenolic “density” in sapwood is related to the ease of degradation by white-
rot fungi.

Highley (7) found that the rate of degradation of sweetgum (Liguidambar
styraciflua L.) sapwood by a white-rot fungus [Coriolus versicolor (L.) Quél.] was
significantly faster than for southern pine (Pinus spp.). The lignin in normal
gymnosperm Xylem is composed almost entirely of guaiacyl (G) units while
temperate angiosperm lignin is normally composed of both guaiacyl and syringyl
(S) units. This difference influences the lignin structure, including the free phenolic
content. Lignin in normal gymnosperm xylem is reported to have 15-30 phenolic
groups per 100 lignin units as compared to 10-15 phenolic groups in angiosperm
lignin (8). In addition, angiosperm xylem typically has a slightly lower lignin
content than gymnosperms. These two factors, a lower lignin content and lower
phenolic content per unit of lignin present, suggest that phenolic “density” may be
lower for angiosperm than gymnosperm sapwood. A rough estimate of the phenolic
density can be calculated for sweetgum and southern yellow pine sapwood given
a lignin content of 20.1 and 28.0%, respectively (7), and averaging the free phenolic
content from the above to give an estimated 13 and 23% free phenolic groups per
100 lignin units. Based on this, pine will have about 35 mMoles and sweetgum
about 13 mMoles of phenolic groups per 100 grams of sapwood. The significantly
lower level -- less than half -- of phenolic groups in sweetgum as compared to pine
sapwood supports our tentative hypothesis that the free phenolic “density” may be
correlated to resistance to white-rot fungal degradation.

While angiosperm sapwood has a low phenolic “density”, the heartwood of many
angiosperm species has extractives which are mostly phenolic in nature. These
extractives would be expected to increase the free phenolic content of the wood and
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impart enhanced resistance to white-rot fungi. For example, the highly-durable
heartwood of osage orange [Maclura pomifera (Raf.) Schneid.] (2) was found to
have 9.9 wt.% extractives and all the extractives identified had three or more
phenolic groups. From the compounds identified and the total amount present we
can estimate that osage orange heartwood has about 145 mMoles of phenolic
groups per 100 grams of wood due only to the extractives, or approximately an
order of magnitude greater than that due to the lignin. Thus, the amount of
extractives present in a particular wood has been suggested to be a good indicator
of durability (2). A high level of compounds which have some fungicidal activity
in addition to being antioxidants will further protect heartwood against decay fungi.

Our hypothesis is dependent on the proposition that the free phenolic groups of
lignin can act as free radical scavengers or antioxidants. Phenolic plant extractives
are well known to be excellent free radical scavengers (9). The stilbenol resveratrol
which is found in red wine and many woods is one classic example; the extensive
studies on utilizing quercetin obtained from Douglas-fir bark [Pseudotsuga
menziesii (Mirb.) Franco] as a commercial antioxidant is another. While the
antioxidant properties of lignins have been studied less, several references have
reported that lignins are antioxidants (10, 11, 12).

When we use the term “density”, we do not suggest that dense wood is more
durable. Rather, we imply that the number of phenolic groups per unit mass of cell
wall substance (or sample mass, since all wood cell wall substance is reported to
have the same specific gravity) is related to a wood’s resistance to white-rot
colonization. It has been suggested that decay susceptibility is inversely related to
specific gravity (13). However, the differences reported were relatively minor
(decay ranged from about 16 to 19.5 wt. %) and may be related to the amount of
summerwood, as the authors suggested. [An external reviewer pointed out that the
researchers plotted decay susceptibility (% oven dry weight loss) versus specific
gravity. He noted that the negative slope may be due to the fact that high density
wood has a higher initial weight. Plotting the mass loss per unit volume versus the
specific gravity gave a plot with a slight positive slope which suggested to the
reviewer that the higher density samples did not have greater durability.]
Furthermore, decay rates, not susceptibility, were measured. Man